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ABSTRACT 
 
Natural organic matter (NOM), ubiquitous in natural water sources, is 
generated by biogeochemical processes in both the water body and in the 
surrounding watershed, as well as from the contribution of organic 
compounds that enter the water as a result of human activity.  NOM 
significantly affects the properties of the water source, including the ability to 
transport metals, influence the aggregation kinetics of colloidal particles, 
serve as a food source for microorganisms and act as a precursor in the 
formation of disinfection by-products (DBPs), as well as imparting a brown 
colour to the water.  The reactivity of NOM is closely tied to its 
physicochemical properties, such as aromaticity, elemental composition, 
functional group content and molecular weight (MW) distribution.  The MW 
distribution is an important consideration from a water treatment perspective 
for several reasons.  For example, low MW NOM decreases the efficiency of 
treatment with activated carbon, and this fraction is thought to be the portion 
most difficult to remove using coagulation.  The efficiency of membranes in 
the treatment of drinking water is also influenced by the MW distribution of 
NOM, while some studies have shown that the low MW fraction contributes 
disproportionately to the formation of bioavailable organic matter, therefore 
promoting the formation of biofilms in the distribution system.  For these 
reasons, understanding the MW distribution of NOM is important for the 
treatment of natural waters for use as drinking waters. 
 
Optimisation of a high pressure size exclusion chromatography (HPSEC) 
method for analysis of the MW distribution of NOM in natural waters is 
described (Chapter 2).  Several parameters influencing the performance of 
HPSEC are tested and an optimised set of conditions illustrated.  These 
parameters included eluent composition, ionic strength of the sample, flow 
rate and injection volume.  Firstly, it was found that increasing the ionic 
strength of the HPSEC eluent resulted in less exclusion of NOM from the 
stationary phase.  Stationary phases used in HPSEC contain a residual 
negative charge that can repel the negatively charged regions of NOM, 
effectively reducing the accessible pore volume.  By increasing the ionic 
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strength, interactions between the stationary phase and eluent enabled a 
larger effective pore size for the NOM analytes.  However, increasing ionic 
strength of the eluent also resulted in a loss of peak resolution for the NOM 
portion able to access the pore volume of the stationary phase.  Determining 
the ideal eluent composition required the balancing of these two outcomes.  
Matching of the ionic strength of the sample with the eluent was also an 
important consideration.  Retention times were slightly lower when the 
sample ionic strength was not matched with the eluent, especially for the 
lowest MW material, although the effect on chromatography was minimal.  
Flow rate had no effect on the resolution of the HPSEC chromatogram for 
the portion of material able to permeate the pore space of the stationary 
phase.  Changes in the volume of sample injected had a marked effect on 
the elution profile of the NOM sample.  Besides the obvious limitation of 
detection limit, only minor changes in elution profile were obtained up to an 
injection volume of 100 µL.  Volumes above this value, however, resulted in 
significant peak broadening issues, as well as an undesirable effect on the 
low MW portion of detected DOC. 
 
In Chapter 3, high pressure size exclusion chromatography with UV254 and 
on-line detection of organic carbon (HPSEC-UV254-OCD) was used to 
compare the removal of different apparent MW fractions of DOC by two 
process streams operating in parallel at the local Wanneroo groundwater 
treatment plant (GWTP).  One of these two process streams included alum 
coagulation (operating in an enhanced coagulation mode (EC) for increased 
DOC removal) and the other stream included a magnetic ion exchange 
(MIEX®) process followed by alum coagulation (MIEX®-C).  The MIEX® 
process is based on a micro-sized, macroporous, strong base anion 
exchange resin with magnetic properties, which has been designed to 
remove NOM through ion exchange of the anionic sites in NOM.  Water was 
sampled from five key locations within these process streams, and the DOC 
at each location was characterised in terms of its MW distribution.  HPSEC 
was carried out using three different on-line detector systems, namely OCD, 
UV absorbance detection at 254 nm, and fluorescence detection 
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(λex = 282 nm; λem = 353 nm).  This approach provided significant information 
on the chemical nature of the DOC in the various MW fractions.  The 
MIEX®-C process was found to outperform the EC process: these two 
processes removed similar amounts of high and low MW DOC, but the 
MIEX®-C process showed greater removal of DOC from the intermediate 
MW fractions.  The two coagulation processes (EC and coagulation following 
MIEX®) showed good removal of the fractions of highest MW, while the 
MIEX® process alone was found to remove DOC across all MW fractions.  
These results seem to indicate that anionic groups, particularly susceptible to 
removal with MIEX® treatment, are well distributed across all MW fractions of 
NOM.  In agreement with previous studies, MIEX®-C outperformed EC in the 
overall removal of DOC (MIEX®-C removed 25 % more DOC than EC).  
However, 70% of the additional DOC removed by MIEX®-C was comprised 
of a surprisingly narrow range of medium-high MW fractions. 
 
The development of a novel online organic carbon detector (OCD) for use 
with HPSEC for determining the MW distribution of NOM is described in 
Chapter 4.  With UV absorbance detection, the magnitude of the signal is 
based on the extinction coefficient of the chromophores in the analytes being 
investigated; whereas the signal from an OCD is proportional to the actual 
organic carbon concentrations, providing significantly more information.  The 
development of an online OCD involved the separation of analytes using 
HPSEC, removal of inorganic carbon species which may interfere with 
organic carbon determination, oxidation of the organic carbon to carbon 
dioxide, separation of the produced carbon dioxide from the aqueous phase 
and subsequent detection of the gaseous carbon dioxide. 
 
In the new instrument, following separation of components by HPSEC, the 
sample stream was acidified with orthophosphoric acid to a concentration of 
20 mmol L-1, resulting in a pH of ≤ 2, in order to convert inorganic carbon to 
carbon dioxide.  This acid dose was found to remove greater than 99 % of 
inorganic carbon once the acidified sample was passed through a 
hydrophobic polytetrafluoroethylene (PTFE) membrane allowing the passage 
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of dissolved gases (under negative pressure from a vacuum pump) but 
restricting the flow of the mobile phase.  Several factors influenced the 
oxidation of the organic carbon in the next step, including the dose of 
persulfate, the type and intensity of UV radiation and the composition of the 
capillary through which the sample stream passes.  Through optimisation of 
this process, it was found that a persulfate dose of 0.84 mmol L-1 in the 
sample stream was required for optimum oxidation efficiency.  
 
A medium pressure UV lamp was compared to a vacuum UV lamp for its 
efficiency in oxidation of organic carbon to carbon dioxide.  While the 
medium pressure lamp produced a far smaller percentage of its total 
radiation at the optimum wavelength for oxidation of organic compounds, the 
greater overall intensity of the medium pressure lamp was shown to be 
superior for this application.  The composition of the capillary was shown to 
have a considerable effect on the oxidation efficiency.  A quartz capillary, 
internal diameter 0.6 mm, was compared with a PTFE capillary, internal 
diameter 0.5 mm, for the oxidation of organic carbon by external UV 
treatment.  While peak width, an important consideration in chromatographic 
resolution, was greater for the larger internal diameter quartz capillary, the 
lower UV transparency of PTFE combined with the shorter contact time, due 
to the reduced internal diameter of the capillary, resulted in a less efficient 
oxidation step using the PTFE capillary.  The quartz capillary was therefore 
chosen for use in the UV/persulfate oxidation step for oxidation of organic 
carbon to carbon dioxide.  
 
Separation of the produced carbon dioxide from the sample stream was 
achieved by sparging with nitrogen and contacting the gas/liquid mixture with 
a hydrophobic PTFE membrane, restricting the passage of the liquid while 
allowing the nitrogen and carbon dioxide gases to pass to the detection 
system.  The only factor influencing this separation was the flow of the 
nitrogen sparge gas, with a flow of 2 mL min-1 found to be optimum.  
Detection of produced carbon dioxide was via a Fourier transform infrared 
(FTIR) spectrometer with a lightpipe accessory.  The lightpipe accessory was 
designed for use as a detector for gas chromatography and the small size of 
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the detector cell was ideal for use with this application.  Using the new 
system described, concentrations of a single peak could be determined with 
a detection limit of 31 ng and a determination limit of 68 ng.  The 
development of the new OCD allowed characterisation of NOM in terms of its 
MW distribution and the UV and fluorescence spectral properties of each 
MW fraction.  
 
Further characterisation of MW fractions of NOM from a local groundwater 
bore was carried out by separation of the fractions by preparative HPSEC, 
followed by off-line analysis.  Preparative HPSEC involved the injection of a 
pre-concentrated groundwater sample multiple times, using a large scale 
HPSEC column, then collecting and combining material of identical MW.  
This allowed each MW fraction of the sample to be further characterised as 
described in Chapter 5.  Preparative HPSEC has only previously been 
applied to a small number of samples for the concentration and fractionation 
of NOM, where the structural features of the various MW fractions were 
studied.  In the current research, more extensive studies of not only the 
chemical characteristics, but also the disinfection behaviour, of the MW 
fractions were conducted.   
 
Separation of the sample was conducted on a large diameter silica-based 
HPSEC column, with fraction collection based on semi-resolved peaks of the 
HPSEC chromatogram.  Nine MW fractions were collected by this method.  
After concentration and dialysis to remove the buffer salts in the HPSEC 
mobile phase, each fraction was re-analysed by analytical HPSEC-UV254 and 
showed a single Gaussian shaped peak, indicating discrete MW fractions 
had successfully been collected.  Analysis of the collected MW fractions 
indicated that 57 % of the organic carbon was in Fractions 3 and 4, with 
41 % in Fractions 5-9, leaving only 2 % in Fractions 1 (highest MW) and 2.   
 
For each of the nine MW fractions, chorine demand and 7 day 
trihalomethane formation potential (THMFP) were measured on dilute 
solutions of the same DOC concentration, and solid state 13C NMR spectra 
were recorded on some of the solid isolates obtained after lyophilisation of 
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the separate or combined dialysis retentates.  The larger MW Fractions 3 
and 4 were found to contain a greater proportion of aromatic and carbonyl 
carbon, and the lower MW Fractions 5 and 6 and Fractions 7-9 contained 
greater proportions of aliphatic and O-aliphatic carbon, by this technique.  
Chlorine demand experiments on each individual fraction with a normalised 
DOC concentration indicated that the largest MW fraction (Fraction 1) had 
the lowest chlorine demand.  It was concluded that material in this fraction 
may be associated with inorganic colloids and unavailable for reaction with 
chlorine.  Fraction 3 had the highest chlorine demand, just over two times 
more than the next highest chlorine demand (Fraction 4) and approximately 
three times the chlorine demand of Fraction 2.  The organic material in 
Fraction 2 was postulated to contain a mixture of the reactive material 
present in Fraction 3 and the colloidal associated material present in 
Fraction 1.  NMR analysis indicated that the difference between Fraction 3 
and Fraction 4 was a reduction in reactive aromatic carbon and hence the 
lower chlorine demand in the latter fraction.  Fractions 5-8 had similar 
chlorine demands, lower than Fraction 4, while Fraction 9 had a very low 
chlorine demand similar to that of Fraction 1.  For Fractions 5-9, the lower 
aromatic carbon content most likely resulted in the lower chlorine demand. 
 
The 7 day THMFP experiments showed some clear trends, with Fraction 1 
and Fraction 2 producing the least amounts of THMs but having the greatest 
incorporation of bromine.  Fractions 3 and 4 produced the greatest 
concentration of THMs with the lowest bromine incorporation, perhaps as 
they contained fast reacting THM precursors and the higher chlorine 
concentrations resulted in greater amounts of chlorinated THMs.  Fraction 5 
and Fraction 6 produced similar levels of THMs over 7 days to Fractions 7-9 
(approximately 75% of the amount formed by Fractions 3 and 4), however, 
Fractions 7-9 formed these THMs more quickly than Fractions 5 and 6, with 
slightly greater amounts of bromine incorporation.  It was thought that the 
increased speed of formation was due to the smaller MW of these fractions 
and a simpler reaction pathway from starting material to formation of THMs, 
as well as some structural differences.  This research marks the first report of 
significantly resolved MW fractions being isolated and their behaviour in the 
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presence of a disinfectant being determined.  While the high MW fractions 
had the greatest chlorine demands and THMFPs, these fractions are also the 
easiest to remove during coagulation water treatment processes, as shown 
in Chapter 3.  The lowest MW material formed significant amounts of THMs, 
and also formed THMs more quickly than other MW fractions.  This has 
important implications from a water treatment perspective, as the lowest MW 
material is also the most difficult to remove during conventional treatment 
processes. 
 
Solid samples of NOM were isolated from water samples taken from four 
points at the Wanneroo GWTP using ultrafiltration and subsequent 
lyophilisation of the retained fractions, as described in Chapter 6.  The 
sampling points were following aeration (Raw), following treatment by 
MIEX®, following treatment by MIEX®-C and following treatment by EC.  
Elemental analysis, FTIR spectroscopy, solid state 13C NMR spectroscopy 
and HPSEC-UV254-OCD analysis were used to compare the four isolates.  
Treatment with MIEX®-C was found to remove the greatest amount of NOM.  
Additionally, treatment with MIEX®-C was able to remove the largest MW 
range of NOM, with the remaining material being depleted in aromatic 
species and having a greater proportion of aliphatic and O-aliphatic carbon.  
EC treatment completely removed the NOM components above 5000 Da, but 
NOM below this was not well removed.  NOM remaining after the EC train 
had a lower aromatic content and more aliphatic oxygenated organic matter 
than the RW.  The remaining organic matter after MIEX® treatment contained 
less aromatic material compared to the RW, but had a greater aromatic 
content than either of the EC or MIEX®-C samples. 
 
HPSEC was a significant analytical technique used throughout this research.  
Initial optimisation of an HPSEC method was an important development 
which allowed improved resolution of various MW fractions.  The application 
of this technique and comparison of three detection systems for the study of 
DOC removal showed, for the first time, the performance of MIEX® treatment 
at a full scale groundwater treatment facility.  The use of various HPSEC 
detection systems allowed significant characterisation of the MW fractions, 
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more information than had previously been gathered from such a sample set.  
This work demonstrated the need for OCD when applying HPSEC to the 
study of NOM.  As such, a system was constructed that built on previously 
developed systems, with the use of a small detector cell enabling detection 
limits capable of measuring even the most dilute natural and treated water 
samples.  To study the individual MW fractions in detail, preparative HPSEC 
was applied and, for the first time, the disinfection behaviour of various MW 
fractions was examined.  Interestingly, the lowest MW fractions, 
acknowledged to be the most recalcitrant to conventional water treatment 
processes, produced significant quantities of THMs.  Also the formation 
kinetics of THMs from the low MW fractions indicated that THMs were 
formed as quickly as, or perhaps even at faster rates than from the larger 
MW fractions.  Finally, structural characterisation of NOM at four stages of 
the Wanneroo GWTP indicated MIEX®-C treatment was superior to EC, of 
significant interest for the water industry.
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1. INTRODUCTION 
 
1.1. Drinking Water Sources Supplying the Perth Metropolitan 
Region 
 
Perth, the capital city of the State of Western Australia, has a population of 
approximately 1.5 million, 75 % of the State’s population (Australian Bureau 
of Statistics, 2007).  The Perth region is bounded by the Gingin Brook to the 
north, the South Dandalup River to the south, the Darling Scarp to the east 
and the Indian Ocean to the west (Figure 1.1).  This area is almost entirely 
on the Swan Coastal Plain, except for a small portion in the north east which 
is situated on the Dandaragan Plateau.  The region covers an area of 
approximately 4000 km2, and extends from the Perth central business district 
to Guilderton, 80 km to the north, and to Mandurah, 70 km to the south 
(Davidson, 1995).  Perth experiences a Mediterranean type climate with hot, 
dry summers and mild, wet winters.  Average yearly rainfall ranges from 
approximately 860 mm in the northern coastal area to about 1200 mm on the 
Darling Plateau southeast of Perth (Australian Bureau of Statistics, 2007).  
Almost 90 % of rainfall occurs between April and October, with the remaining 
months, especially December to February, being hot and dry, resulting in 
large evaporation losses from wetlands.  Also, with changing world and local 
climates, average rainfall in the south west of Western Australia, including 
the Perth region, has been gradually decreasing over recent decades, with 
local surface reservoirs now mostly less than 50 % of capacity (Water 
Corporation, 2007).  This has presented new challenges for the Water 
Corporation of WA, the State’s major water utility, responsible for the supply 
of potable water to the majority of Western Australia.  As a result of the 
reduced annual rainfall, approximately 55 % of Perth’s water is extracted 
from groundwater sources, 15 % produced from seawater desalination and 
the remaining 30 % of supply extracted from eleven storage reservoirs in the 
Darling Range (Water Corporation, 2007).  These reservoirs are located in 
largely pristine, uninhabited Jarrah forest, on predominantly nutrient-poor  
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Figure 1.1  Location map showing the Perth metropolitan region and six ground
schemes.  Surface water reservoirs are located to the east of the Darling Scarp 
(modified from Hirschberg, 1989). 
 
lateritic sediment, and water quality is usually good, requiring no treatment 
other than disinfection (Water Corporation, 2007).  Recharge of these 
storage reservoirs is almost exclusively by winter rainfall and local runoff.  
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confined and unconfined aquifers and is often of poorer quality and requires 
substantial treatment in order to meet current Australian drinking wate
guidelines. 
 
1.2. Hydrogeology of Perth’s Groundwater Sources 
 
Water permeates the superficial formations beneath the Swan Coa
and the underlying geological formations of the Perth Basin to create 
underground storage aquifers.  This groundwater occupies the pores and 
regions between particles of the underlying geological formations.  According
to Davidson (1995), fresh water has been found at depths of at least 1000 m 
due mainly to direct rainfall recharge on the coastal plain with a small 
component derived from runoff from the Darling Scarp and Dandaragan 
Plateau.  Perth's underground water stores have been divided into six 
different aquifers.  These aquifers are the unconfined superficial aquifer 
containing the Gnangara and Jandak
r 
stal Plain 
 
ot mounds and the semi-confined and 
onfined Rockingham, Kings Park, Mirrabooka, Leederville and Yarragadee 
onducted 
 
is 
an 
 
sediments were de-watered, is approximately 
5 000 GL and varies in age from the present at the watertable to 
c
aquifers.  The work in this Thesis has almost exclusively been c
with water drawn from the unconfined superficial aquifer.  Accordingly, a 
detailed description of this aquifer is given below. 
 
The superficial aquifer, or as it is referred to locally the ‘unconfined’ or 
‘shallow’ aquifer, is a complex, unconfined multilayered formation lying within
the quaternary sediments of the Swan Coastal Plain (Davidson, 1995).  Th
aquifer extends west from the Darling Scarp and covers most of the Sw
Coastal Plain.  The sediments that comprise the aquifer range from clay in
the east alongside the Darling Scarp, through a sandy succession in the 
central coastal plain to predominantly limestone in the far west on the coastal 
extreme.  The superficial aquifer varies in thickness from 45 m in the 
northern Perth region to 20 m in the south, with a maximum thickness of 
approximately 70 m.  It has been calculated that the capacity of the 
superficial aquifer, represented by the amount of water in pore spaces 
available to bores if the 
2
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approximately 2000 years at the aquifer base.  The upper limit of the 
superficial aquifer is the watertable.  The watertable varies significantly in 
depth throughout the Swan Coastal Plain, mainly dependent on topography,
with lesser influences being the permeability of sediments and location w
the groundwater flow system.  The watertable is at its highest during 
September-October, and at its lowest during April and May immediately 
before the winter rainfall period.  The level of the watertable fluctuates
significantly outside these periods as recharge is almost exclusively throug
rainfall infiltration (Davidson, 1995). 
 
Two groundwater mounds within the superficial aquifer contain 
approximately 85 % of the groundwater within the aquifer (Department of 
Water, 2007).  These are the Gnangara and Jandakot mounds (Figure 1.1).  
These mounds are critically important to the groundwater supply, with 
approximately 40 % of production bores drawing water from these mounds 
(Department of Water, 2007).  The mounds are refreshed directly by rainfall 
infiltration, and develop due to a superior rate of vertical rainfall infiltratio
when compared to the rate of horizontal groundwater flow through the 
aquifer (Davidson, 1995).  These mounds also significantly influence the 
groundwater flow within the superficial aquifer.  Groundwater flows throug
the aquifer under the influence of gravity away from the crests of th
and foothills of the Darling and Dandaragan Plateaus towards the dischar
boundaries of the Swan Coastal Plain, namely the Indian Ocean, Gingin 
Brook, Swan River, Canning River, Serpentine River and the North and 
South Dandalup Rivers.  Also, some lakes act as boundaries for groundw
flow (Davidson, 1995). 
 
There are many permanent and
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 transient lakes and swamps within the Swan 
oastal Plain forming the upper limit of the watertable.  These lakes and 
 
C
swamps exist in shallow interdunal and interbarrier depressions of the land 
surface.  Some of the lakes and most of the swamps exist in swales in 
otherwise flat terrain.  The majority of lakes in the Swan Coastal Plain are 
shallow, ranging in depth from approximately 0.5 to 3 m (Department of
Water, 2007).  They are often surrounded by vegetation and contain 
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sediments of biogenic origin consisting of peat and peaty sands, together 
with diatomite, calcareous clay and fresh water marly limestone (Davidson, 
1995).  Following periods of rainfall, hydraulic connection is developed 
between the lake water and groundwater of the superficial aquifer.  Thus, it is
apparent that these lake systems are intricately linked with water quality in 
the superficial aquifer.  Some of the swamps of the coastal plain are perched
above the watertable, with seepage into the superficial aquifer inhibited by a 
ferruginous hardpan sediment (‘coffee rock’).  Typically, these swamps are 
seasonally waterlogged, containing water following heavy rainfall.  There a
swamps which are in direct contact with the watertable, but as they are 
extremely shallow, they only contain water during the winter rainfall peri
Most of these shallow wetlands are evaporative basins with highly variable 
salinity.  At the end of winter, the water in these basins is at its freshest; 
however, during periods of hot dry weather, evaporation results in 
increasingly saline water.  After heavy rainfall, this water, with increased 
salinity, is flushed into the groundwater forming a brackish plume from these 
wetlands, which is capable of altering the groundwater salinity in the region 
surrounding the wetlands.  Due to the direct contact between lakes and 
swamps and the groundwater of the superficial aquifer, it is clear that the
can impart some influence on the water quality and are thus of critical 
importance (Davidson, 1995). 
 
Geological location and position within the groundwater flow system exert
most influence on the chemical and physical properties of the groundwate
the superficial aquifer (Davidson, 1995).  Thus, there is temporal variation in 
the quality of groundwater in this aquifer.  Salinity within the superficial 
aquifer ranges from approximately 130 to 12 000 mg L
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hest at rivers and the ocean which are the points of 
ischarge.  The lowest salinity in the superficial aquifer is at the crest of the 
ga   The pH of groundwater in the superficial 
quifer ranges from 4 at the watertable in the east and central coastal plain 
and increases to between 6.5 and 7.5 at the base.  The limestone sediment 
-1 total disso
(TDS), but rarely exceeds 1000 mg L-1  TDS.  Salinity is generally lowest at 
points of aquifer recharge and increases in the direction of the groun
flow and is at its hig
d
Gnan ra and Jandakot mounds.
a
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on the coastal fringe has a pH between 7 and 8.  Colour can be use
indicator of the content of organic matter in natural waters (Clesceri et al., 
1998).  For the superficial aquifer, the colour varies significantly, with the 
highest values in the upper section of the aquifer, where leaching from 
vegetation and peat deposits on the surface is passed to the watertable as a
result of infiltration (Davidson, 1995).  Groundwater in the superficial aquifer 
contains dissolved iron at concentrations of less than 1 mg L
d as an 
 
f the 
 to 
lly 
 
 
ss than 
e 
d to 
er 
ted by 
tics 
ial 
ilities of 
an, 1988) and hydrophobic organic 
-1 to more than 
50 mg L-1, with concentrations generally increasing towards the base o
aquifer.  Dissolved iron is present as ferrous ion, which is readily oxidised
ferric ion on contact with air.  Sulfate is present in concentrations genera
below 100 mg L-1, although increased concentrations can be found in areas
surrounding peaty wetlands due to the oxidation of sulfides.  Hardness, 
which is measured as an equivalent quantity of calcium carbonate, also
increases in the direction of groundwater flow.  Concentrations of le
50 mg L-1 are found in the sandy soils of the central coastal plain, with 
concentrations up to 500 mg L-1 in the limestone sediment in the coastal 
area.  The confined aquifer system extends from the Darling Scarp in th
east to several kilometres offshore in the west and has been investigate
a depth of more than 1100 m (Davidson, 1995).  Five confined or semi-
confined aquifers have been identified.  Water in these aquifers is 
considerably different in quality to the superficial aquifer; generally it is low
in colour, as well as containing much lower sulphide concentrations 
(Davidson, 1995). 
 
1.3. Natural Organic Matter 
 
Natural organic matter (NOM) in source waters originates from the 
degradation and leaching of organic detritus within the watershed and the 
introduction of organic compounds from human activity, and is transpor
streams and groundwater flow (Croué, 2004).  The chemical characteris
of aquatic NOM are not only influenced by the source materials, but also by 
the biogeochemical processes involved in carbon cycling within the terrestr
and aquatic systems (Croué et al., 1999).  NOM may control the mob
trace metals (Cabaniss and Shum
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compounds (Murphy et al., 1990), as well as the aggregation kinetics of 
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tly or indirectly, and to varying 
egrees, remove aquatic organic matter from raw water, depending on their 
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mately 90 % of NOM is present as DOC.  The DOC 
colloidal particles (Liang and Morgan, 1990).  Moreover, NOM plays an 
important role in a wide range of photochemical reactions (Gao and Zepp, 
1998), and serves as a source of organic carbon for microorganisms (Hunt et 
al., 2000).  The reactivity of NOM is closely tied to its physicochemical 
properties such as molecular weight (MW), aromaticity, elemental 
composition, and functional group content (Cabaniss et al., 2000).  NOM
source waters also significantly affects many aspects of water treatment 
processes, including the performance of unit processes (i.e. oxida
coagulation and adsorption), application of disinfectants and biological 
stability (Matilainen et al., 2002).  As a result, NOM acts upon potable water 
quality by contributing to disinfection by-products, biological regrowth in th
distribution system, colour, taste and odour (Owen et al., 1995).  Vario
water treatment processes can either direc
d
operational conditions and the specific characteristics of the NOM, such 
MW distribution, carboxylic acidity and humic substance content (Collins e
al., 1985).  High MW NOM is more amenable to removal than low MW N
while NOM with the highest carboxylic acidity, and hence charge density, is
generally more difficult to remove by conventional treatment (Collins et a
1986) but should be removed by ion exchange processes such as the 
magnetic ion exchange (MIEX®) resin process (Singer and Bilyk, 2002, 
Warton et al., 2007).  Water with high MW humic material (5 000-10 000 Da)
is a good candidate for chemical coagulation (Amy et al., 1992), while low 
MW species are reportedly more amenable to adsorption processes 
(McCreary and Snoeyink, 1980). 
 
The term NOM encompasses all organic matter in the watershed, that is, 
insoluble particulate matter such as microorganisms, bacteria and colloidal 
material, as well as dissolved organic carbon (DOC) (Thurman, 1985).  DOC
is an operationally defined term and includes all organic material able to 
through a 0.45 µm membrane (Clesceri et al., 1998), while Amy (1993)
stated that approxi
Chapter 1 7
fraction of NOM can be further divided into humic and non-humic substances 
lly accounting for 
pproximately 50 % of the DOC in water but can contribute as much as 90 % 
 the 
rom 
tent, 
eenheer (1981) that 
e hydrophilic acids are a mixture of organic compounds that are both 
ng 
many h ylic acid functional groups.  The remaining 20 % of 
rganic matter consists of compounds of much simpler structures including 
 
 
lination.  
The variety of sources and the mixing of groundwater from such a large 
(Thurman, 1985), with the humic fraction typica
a
in highly coloured sources (Croué et al., 1999).  For most natural waters,
remaining 50% of DOC is divided between hydrophilic acids, contributing 
approximately 30 % of the DOC, with the remaining 20 % present as 
identifiable compounds (Thurman, 1985). 
 
The humic fraction of DOC is further divided into humic and fulvic acids 
classified depending on their solubility in acid.  Fulvic acids are soluble at 
any pH while humic acids are insoluble below a pH of 1 (Thurman and 
Malcolm, 1981, Thurman, 1985, Malcolm, 1990).  The humic acid fraction 
contributes only 10-20 % of the total DOC (Thurman, 1985).  Generally, 
humic acids are less soluble due partly to the higher average MW, ranging 
from 1 000-10 000 Da (Malcolm, 1990), and low carboxylic acid content, f
3.5-4.5 mM g-1 (Thurman, 1985).  Fulvic acids reportedly comprise 80-90 % 
of the humic fraction and are more soluble, due partly to the lower average 
MW of 600-1 000 Da (Malcolm, 1990) and greater carboxylic acid con
5-6 mM g-1 (Thurman, 1985).  It has been proposed by L
th
simple organic acids, as well as complex polyelectrolytic acids containi
ydroxyl and carbox
o
proteins, peptides, lipids, carbohydrates, carboxylic acids, amino acids, 
hydrocarbons, fats and other low molecular weight organic molecules
(Thurman, 1985). 
 
1.4. Treatment of Groundwater in Perth 
 
Scheme water supplying the Perth metropolitan area is derived from six 
groundwater treatment plants (GWTPs), located at Wanneroo, Mirrabooka,
Neerabup, Gwelup and Lexia, north of Perth, and Jandakot in the south 
(Figure 1.1), as well as surface water sources and seawater desa
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number of bores at the treatment plants results in a complex system to 
supply the population of Perth with potable water.  Water at the GWTPs is 
usually a blend of different quality sources (both confined and unconfined 
is 
 
ture 
 
t 
f 
, 
. 
was hampered for many years 
y the production of an intermittent ‘swampy’ odour, identified by researchers 
he 
 
groundwater) mixed to obtain a relatively stable composition product, which, 
upon treatment, will produce water meeting current drinking water guidelines 
(NH&MRC, 1996).  By constantly changing the bores used to produce th
water blend, the water resources of the region are managed so as not to
exhaust supplies, while still supplying high quality treated water.  While the 
major water quality parameters remain relatively constant, the specific na
of these components, especially the NOM present, will be constantly 
changing and this can have downstream implications.   
 
1.4.1. Treatment of Groundwater at the Wanneroo Groundwater 
Treatment Plant 
 
The Wanneroo GWTP is the largest plant supplying the city of Perth, capable
of producing 225 ML of water per day (ML d-1).  Water from up to 50 
unconfined and confined bores is used in the raw water blend.  Water 
entering the Wanneroo GWTP is usually high in iron and DOC, with the plan
optimised to remove iron, turbidity and DOC.  During the summer months, 
raw water is often of a lower quality as water from an increased number o
bores must be used in order to meet seasonal demand.  Until June 2001
treatment at the Wanneroo GWTP involved spray aeration to oxidise iron, 
sulphide and DOC, and to remove volatile components, coagulation with 
aluminium sulfate (alum) and a high MW anionic polyacrylamide 
polyelectrolyte to aid in flocculation, with sedimentation to remove NOM and 
turbidity, rapid sand filtration for removal of particulates and final disinfection
 
Water distributed from the Wanneroo GWTP 
b
at Curtin University of Technology as being caused by the presence of 
dimethyltrisulfide (DMTS) (Wajon et al., 1986, Heitz et al., 2000, Heitz, 
2002).  The researchers found that the problem was most pronounced at t
extremities of the distribution system where free chlorine concentrations
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were at their lowest.  Early in the investigation, the mechanism of DMTS 
formation was unclear, but the problem was found to be controlled by 
maintaining adequate chlorine residuals in the distribution system.  Wajon e
al. (1986) demonstrated that free chlorine residuals of greater than 
0.35 mg L
t 
ons occurring in pipewall biofilms in the distribution system 
layed an important role in the formation of DMTS.  A pool of reduced sulfur, 
potentially important in swampy odour formation, was found to be provided 
by microbial sulfate-reducing and sulfur-reducing mechanisms occurring in 
pipewall biofilms.  The pipewall biofilm was also found to absorb organic and 
inorganic polysulfides and acted as a protective barrier against oxidative 
attack by chlorine and dissolved oxygen in the bulk water, aiding in the 
formation of DMTS.  While the actual mechanism of DMTS formation is still 
not yet known, it is clear that reactions in the biofilm and chlorine residuals 
play an important role (Heitz et al., 2000).  As well as controlling chlorine 
residuals, it was thought that reducing the DOC content of water emanating 
from the Wanneroo GWTP may reduce biofilm formation in the distribution 
system and eliminate or reduce the occurrence of DMTS outbreaks 
(Franzmann et al., 2001, Heitz et al., 2002). 
 
In order to achieve this reduction in DOC concentration, in June 2001, the 
world’s first full scale magnetic ion exchange (MIEX®) treatment facility was 
integrated into the existing process at the Wanneroo GWTP.  The MIEX® 
plant has a maximum capacity of 112 ML d-1, half of the capacity of the 
overall plant.  The current treatment scheme at the Wanneroo GWTP is 
shown in Figure 1.2.  The current treatment scheme has two process trains, 
capable of running simultaneously if demand is sufficiently high, with water 
exiting the aeration pits either fed to the MIEX®-coagulation treatment stream 
or the enhanced coagulation stream or both.  After treatment, these two 
streams are combined and fed to the ‘clearwater’ tank for final disinfection 
and distribution. 
 
-1 at the outlet of the Wanneroo GWTP decreased numbers of 
complaints by up to 90 %.  It was later discovered by Heitz and co-workers 
(2000) that reacti
p
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Figure 1.2  Flow chart of the Wanneroo GWTP treatment scheme. 
 
In the MIEX®-coagulation stream (Figure 1.2), following aeration, chlorine 
(3-5 mg L-1) is added for the oxidation of iron (II) to iron (III).  Upon entering 
the contactors, water and the MIEX® resin (30 mL L-1) are mixed for 10 
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minutes, and the slurry transferred to the settling tanks.  The magnetic 
properties of the resin cause high settling rates, and resin recoveries of 
greater than 99.9 % are reported to be achieved in MIEX® processes 
(Morran et al., 1996).  Following separation of the resin and water, 90 % of 
the used resin is returned to the contactors for continued treatment, with the 
remaining 10 % sent to a regeneration process.  The continuous treatment 
capability of the process makes the MIEX® resin an attractive treatment 
option.  In the regeneration tank, a concentrated brine solution is used to 
displace DOC on the resin with chloride ions.  The regenerated resin slurry is 
then pumped back to the contactor.  Fresh virgin resin is added to make up 
for the resin lost or degraded during the process.  Water leaving the MIEX® 
treatment process then passes to clarifiers where alum is dosed at between 
40 and 50 mg L-1.  A high MW anionic polyacrylamide polyelectrolyte is also 
added at approximately 0.6 mg L-1 to aid in the flocculation process.  The 
clarifiers typically operate at an upflow velocity of 3.5 m h-1.  Water exiting 
from the clarifiers is combined with water that has been treated in the 
enhanced coagulation-only treatment train. 
 
Enhanced coagulation is generally used to describe a coagulation treatment 
where an increased coagulant dose is employed and the pH has been 
optimised for maximum DOC removal (Edzwald and Tobiason, 1999).  At the 
Wanneroo GWTP, on the enhanced coagulation side of the plant, the alum 
dose from the original coagulation process was increased, without pH 
optimisation, to increase the removal of DOC, and the process was locally 
termed ‘enhanced’ coagulation.  This term will also be used in this Thesis to 
refer to this treatment stream at the Wanneroo GWTP.  In this stream, water 
leaving the aeration pits is chlorinated (3-5 mg L-1), with alum (90-100 mg L-1) 
and anionic polyacrylamide polyelectrolyte (0.8 mg L-1) added for clarification 
of the water.  Supernatant water from the clarifiers is then chlorinated and 
combined with water from the MIEX® / coagulation train and the combined 
water flows through one of twelve concrete filters packed with sand (0.3 m 
depth, particle size 0.6 mm) and anthracite coal (0.6 m depth, particle size 
1.2 mm) at a linear velocity of 15 m h-1.  These filters are periodically 
backwashed with chlorinated water.  Water emanating from the filters then 
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flows to the ‘clearwater’ tank where it is chlorinated for disinfection (dose: 
4-5 mg L-1).  From the clearwater tank, water is then pumped to the 
Wanneroo storage reservoir.  During the course of the current study, before 
reaching the storage reservoir, water extracted from the confined 
Yarragadee aquifer was introduced at flows of up to 20 ML d-1 to the product 
water of the Wanneroo GWTP.  Since the conclusion of this study, this water 
from the Yarragadee aquifer is now added to the raw water entering the 
GWTP and subjected to full treatment.  At the reservoir, water is again 
chlorinated, with the aim to achieve a chlorine residual of approximately 
1 mg L-1 at the reservoir outlet, prior to distribution to consumers. 
 
1.4.2. Magnetic Ion Exchange (MIEX®) Resin 
 
MIEX®, an acronym for Magnetic Ion Exchange, is an ion exchange resin 
developed jointly by the Australian Water Quality Centre (AWQC), the 
CSIRO and Orica Watercare (formally ICI Watercare) more than 15 years 
ago (Morran et al., 1996).  Early work into ion exchange resins for DOC 
removal was carried out by Bursill and co-workers (1985) and Hine and 
Bursill (1987).  They discovered that certain anion exchange resins, when 
used in a simple stirred system, were highly effective for the removal of DOC 
which had previously been found to cause fouling problems when the resin 
was used in a column setup.  Following extensive work over a number of 
years by the three organisations, a new magnetic anion exchange resin was 
developed which exhibited excellent properties (Morran et al., 1996).  The 
MIEX® resin is a conventional strong base anion exchange resin including 
quaternary ammonium functional groups, with a polyacrylic macroporous 
structure, and several unconventional qualities, such as a particle size 2-5 
times smaller than conventional resins (180 µm approximate resin diameter) 
(Slunjski et al., 1999, Slunjski et al., 2000a).  This smaller particle size 
reduces the reliance on slow, intraparticle diffusion that is associated with 
active sites inside the resin beads and results in increased exchange rates of 
DOC and the exchangeable ion, chloride, due to an increase in available 
external area of exchange (Singer and Bilyk, 2002).  The major innovation of 
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the MIEX® resin, however, is the incorporation of a magnetic iron oxide into 
the resin structure (Bourke et al., 1999, Slunjski et al., 1999, Cadee et al., 
2000, Singer and Bilyk, 2000).  After stirring of the MIEX® resin-water mixture 
is stopped, the fine resin beads rapidly agglomerate into larger, faster settling 
particles.  Cadee et al. (2000) reported that the settling rate of these 
magnetically agglomerated beads was two orders of magnitude higher than 
that predicted by the Stokes free settling rates of individual resin beads.  The 
result is that conventional upflow settlers can be used for the resin-water 
separation, with treated water collected as overflow from the settling tanks 
and the resin collected as a concentrated underflow stream.  Greater than 
99.9 % of the resin was found to be recovered at extremely high settler rise 
rates of 10 m h-1 (Cadee et al., 2000). 
 
There has been extensive research into the performance of the MIEX® resin 
for removal of DOC in drinking water.  Much of this work dates back to the 
late 1980s and early 1990s during the process development phase; however, 
a large percentage of this work remained confidential for extended periods of 
time due to pending patents that have since been taken out on this product.  
It was not until midway through the 1990s that research became available 
detailing the MIEX® resin performance characteristics.  One of the first 
reports of the on the MIEX® process was by Morran et al. (1996) who 
reported the use of MIEX® for the removal of NOM in a pilot plant.  These 
researchers illustrated that the resin had several desirable features, both 
from an operational and treatment perspective.  Firstly, they demonstrated 
that the ‘open packed’ resin structure and high void volume allowed the resin 
to be pumped in slurry form throughout the plant, for convenient addition to 
untreated water.  By adding the resin as a suspension, the dose of MIEX® 
resin could be adjusted to achieve target DOC removal.  This was 
demonstrated by constantly changing the inlet water DOC levels to simulate 
changes in raw water quality normally experienced in a GWTP.  The 
researchers found that, by simply increasing or decreasing the amount of 
resin in the system, target DOC levels could be obtained within one hour 
from the time of change.  This rapid change in removal was attributed to the 
small particle size of the resin allowing for rapid sorption rates.  It was 
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concluded that this could result in smaller plant sizes and/or reduced contact 
times (Morran et al., 1996).  The magnetic component of the resin was also 
found to facilitate particle agglomeration and rapid settling, assisting recovery 
of the resin.  This property of the resin was reported to allow it to be used in 
a continuous, rather than batch or column, process.  Another feature allowing 
it to be used in a continuous process was its high capacity for sorption of 
organic compounds.  This resulted in more than 90 % of the resin being able 
to be returned directly to the contactor, representing an average of ten cycles 
for the resin before the need for regeneration.  The speed of the regeneration 
process was also found to be a desirable feature, with only a small volume of 
sodium chloride required for fast exchange of anions, which reportedly 
allowed a decreased total resin inventory for the process (Morran et al., 
1996). 
 
Morran et al. (1997) also noted the capability of the MIEX® resin to reduce 
the trihalomethane formation potential (THMFP) over a 7 day period of 
treated waters.  Four waters from different Australian sources were 
compared, and total THMs after 7 days were found to be reduced to levels 
below the World Health Organisation (WHO) limit of 250 µg L-1 (World Health 
Organisation, 2004) by employing regenerated MIEX® resin treatment.  
There have been a number of published reports (Singer and Bilyk, 2002, 
Drikas et al., 2003, Fearing et al., 2004, Boyer and Singer, 2005) that have 
found similar benefits through the use of MIEX® resin for treatment of raw 
waters with various initial DOC concentrations.  Drikas and co-workers 
(2003) demonstrated that regenerated MIEX® treatment of waters with 
moderate (5.8 mg L-1) and high (10 mg L-1) DOC concentrations reduced 
total THM concentrations, measured over 7 days, by greater than 75 % for 
the moderate DOC water and almost 80 % for the high DOC water. 
Combining MIEX® and conventional coagulation with alum further reduced 
THM levels, as well as resulting in improvements to the overall water quality.  
Parameters used to gauge water quality were DOC concentration, 
UV absorbance at 254 nm, specific UV absorbance (SUVA, defined as the 
UV absorption in m-1 divided by the DOC concentration in mg L-1) and colour.  
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All of these measured parameters were lower after combined treatment with 
MIEX® and alum than after only alum coagulation (Drikas et al., 2003).  
Singer and Bilyk (2002) reported similar results to those of Drikas et al. 
(2003) in an examination of, the removal of DOC and UV absorbing species, 
as well as bromide, by both MIEX® treatment and MIEX® in series with alum 
coagulation treatment using virgin MIEX® resin.  In their study, nine water 
samples were chosen with varying levels of DOC and alkalinity, measured as 
equivalent mg L-1 concentrations of calcium carbonate.  These samples were 
chosen to fit the United States Environmental Protection Agency (USEPA) 
enhanced coagulation matrix which sets minimum removal percentages of 
DOC for waters fitting a certain cell on the matrix.  MIEX® resin as a 
pre-treatment for alum coagulation was found to significantly increase 
removal of DOC when compared to only alum coagulation.  It was also found 
that, with MIEX® pre-treatment, the doses of alum could be significantly 
reduced to obtain similar turbidity levels to those obtained without a MIEX® 
pre-treatment.  A greater than 50 % reduction in bromide concentrations of 
waters following contact with virgin MIEX® resin was also found.  For raw 
water with low initial alkalinity (≤ 20 mg L-1 as CaCO3), bromide levels were 
reduced to less than 10 µg L-1 after treatment with virgin MIEX® resin from 
initial levels in the raw water of 160 µg L-1.  It was thought that as the 
alkalinity increased, carbonate and bicarbonate ions competed for the 
charged sites on the MIEX® resin, and were preferentially removed 
compared to bromide (Singer and Bilyk, 2002).  Fearing and co-workers 
(2004) investigated the effect of MIEX® pre-treatment, in conjunction with the 
use of ferric chloride as a coagulant, on DOC removal and DBP formation, 
specifically THMs.  In their work, they also assessed the impact on of MIEX® 
treatment on particular fractions of NOM.  They used XAD-7 and XAD-4 
resins to separate NOM in raw and treated waters into fractions identified as 
a non-acid hydrophilic fraction, a hydrophilic acid fraction, a fulvic acid 
fraction and a humic acid fraction.  The combination of regenerated MIEX® 
resin pre-treatment, followed by coagulation with ferric chloride, was shown 
to be extremely effective for overall DOC removal from a surface water.  A 
removal of greater than 85 % of the DOC was achieved by MIEX® followed 
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by ferric chloride treatment.  The non-acid hydrophilic fraction was the 
fraction found to be most recalcitrant when conventional coagulation was 
employed; but, by using MIEX® resin as a pre-treatment step, increased 
removal of this fraction was obtained.  MIEX® pre-treatment was also shown 
to increase the removal of the fulvic acid fraction, but was ineffective in 
increasing the removal of the humic acid and hydrophilic acid fractions.  In 
regard to total THMFP, MIEX® plus ferric chloride treatment was able to 
reduce by 50 % the concentrations observed when compared to a single 
ferric chloride coagulation treatment (Fearing et al., 2004).  Boyer and Singer 
(2005) expanded on this approach by investigating the effect on haloacetic 
acid (HAA) formation in potable water of a virgin MIEX® resin/alum 
sequence, compared to virgin MIEX® resin treatment only, and alum 
treatment only.  Here, it was shown that treating the water with only MIEX® 
resin decreased the formation of total HAAs by up to 70 % when compared 
to alum coagulation only.  Surprisingly, combining MIEX® and alum treatment 
did not further reduce the total HAA formation potential achieved by only 
MIEX® resin treatment (Boyer and Singer, 2005). 
 
Combining MIEX® treatment with a turbidity removal step, such as 
coagulation with ferric or aluminium salts is necessary, as MIEX® will only 
remove the dissolved component of raw waters (Singer and Bilyk, 2000, 
Bourke et al., 2001, Pelekani et al., 2001).  Bourke et al. (2001) investigated 
using regenerated MIEX® resin as a pre-treatment prior to ultrafiltration or 
microfiltration.  It was noted that neither ultrafiltration nor microfiltration 
removed significant quantities of DOC but were able to adequately control 
the turbidity.  Thus, a combined regenerated MIEX® resin/microfiltration 
process was trialled to see if both DOC and turbidity could be controlled.  
Combining MIEX® pre-treatment with microfiltration was found to control 
turbidity to desired levels while not damaging the membrane.  Membrane 
fouling was not a problem as, following backwashing, initial flux rates across 
the membranes could be re-established, and DOC levels were reduced by 
over 50 % compared to the raw water throughout the period of the trial 
(Bourke et al., 2001). 
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The research into MIEX® resin performance described above was carried out 
on relatively small volumes of water on a laboratory scale, pilot scale or small 
operating scale (2 ML d-1).  There have been a number of studies of water 
quality from pilot scale studies of MIEX® treatment of Wanneroo GWTP 
water and MIEX® plus alum coagulation treatment on a pilot scale (Bourke et 
al., 1999, Cadee et al., 2000, Slunjski et al., 2000b) as well as studies of the 
world’s first full-scale MIEX® treatment plant and combined MIEX® and alum 
coagulation stream at the Wanneroo GWTP (Smith et al., 2001, Smith et al., 
2003).  The most extensive study on the performance of the combined 
processes, however, was carried out by Warton and co-workers (2005, 
2007), who examined the water quality at various stages within the 
Wanneroo GWTP in typical summer and winter periods.  This research was 
the first of its kind, and studied the performance of MIEX® treatment, both as 
a single treatment step and in combination with alum coagulation, as well as 
the enhanced coagulation stream at the Wanneroo GWTP.  Further, the 
combined MIEX®/alum coagulation treatment stream was compared with the 
enhanced coagulation treatment stream in terms of a number of water quality 
parameters, including THMFP over 7 days, DOC, assimilable organic carbon 
(AOC) and biodegradable organic carbon (BDOC) concentrations, and 
specific NOM characteristics, such as MW distribution, assessed by high 
pressure size exclusion chromatography (HPSEC).  Warton et al. (2005, 
2007) found that, regardless of the characteristics of inlet water in summer 
and winter periods, DOC concentrations after treatment with MIEX®/alum 
coagulation were almost identical.  Similarly, for enhanced coagulation 
treatment, DOC concentrations after treatment of seasonal raw water blends 
were virtually the same.  During the summer period, the period of highest 
demand, an inlet DOC concentration of 6.85 mg L-1 was measured.  After 
treatment with the combined MIEX®/alum process, 1.65 mg L-1 of DOC 
remained, compared with 2.25 mg L-1 DOC after the enhanced coagulation 
treatment.  During the winter sampling, an inlet DOC concentration of 
4.15 mg L-1 was measured, with treatment using the combined MIEX®/alum 
method resulting in 1.60 mg L-1 DOC remaining, and with enhanced 
coagulation, 2.15 mg L-1 DOC remained.  This indicates that, while the 
combined treatment was more effective at removing DOC when compared to 
Chapter 1 18
enhanced coagulation, there remained a recalcitrant DOC fraction that was 
not removed by either process.  HPSEC analysis with UV254 detection was 
consistent with this idea, with waters from both treatment processes during 
the summer and winter periods having identical MW characteristics in the 
UV254-active material.  Pre-treatment with MIEX® was found to increase the 
efficiency of the coagulation process and enabled the use of lower doses of 
the coagulant chemicals.  Combining MIEX® treatment and coagulation also 
significantly reduced the THMFP and chlorine demand of the product water 
compared to enhanced coagulation treatment.  The only exception to the 
advantages of combining MIEX® treatment and coagulation was an 
increased AOC concentration, a measure of the bioavailability of the DOC in 
the water.  This parameter increased after the combined treatment compared 
to enhanced coagulation, however, this was attributed to carryover of 
excessively high concentrations of the commercial polyelectrolyte used in the 
coagulation process.  Overall, Warton et al. (2005, 2007) concluded that the 
combination of MIEX® resin treatment with a coagulation step was an 
effective treatment option for removal of DOC and for improvement in overall 
water quality. 
 
1.5. Isolation and Characterisation of Natural Organic Matter 
 
Although some characterisation methods for dissolved aquatic NOM can be 
applied directly to raw filtered samples, isolation and concentration of NOM 
are required for many analytical procedures (Croué et al., 1999).  Ultraviolet 
and visible absorbance spectroscopy and fluorescence spectroscopy, liquid 
chromatography, and organic acidity can be studied in dilute solutions 
(~10 mg C L-1), but typically 10-100 mg of solid NOM sample is required for 
elemental analysis.  Solid state 13C nuclear magnetic resonance (NMR) 
spectroscopy, a fundamental technique for characterising NOM, requires 
amounts in the order of 50 mg or greater of solid NOM sample, while Fourier 
transform infrared (FTIR) spectroscopy and pyrolysis-gas chromatography-
mass spectrometry (Py-GC-MS) require solid isolates of at least 1 mg (Croué 
et al., 1999). 
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1.5.1. NOM Isolation Techniques 
 
The method of isolation of a NOM sample plays a major role in determining 
the properties of the sample.  Croué et al. (2000) have published a detailed 
review of currently used methods for the concentration, isolation and 
fractionation of aquatic NOM.  Evaporation of the water at reduced pressure, 
freeze drying (lyophilisation), membrane partitioning and sorption techniques 
are used extensively.  The practice of direct reduced pressure evaporation 
and lyophilisation was dismissed as an impractical option by Croué and co-
workers (2000), since it is inherently slow at removing large volumes of 
water, and does not discriminate between NOM and inorganic salt, leaving 
sample residues with an undesirably high inorganic content.  However, if the 
inorganic salts are removed by other techniques, lyophilisation is perhaps the 
best method for obtaining solid NOM isolates that have been minimally 
altered from their dissolved composition (Croué et al., 2000). 
 
The use of membrane techniques such as nanofiltration (NF) and reverse 
osmosis (RO) are attractive NOM isolation alternatives.  Croué et al. (2000) 
noted that several factors were important for the successful application of 
these techniques, namely, the membrane composition and pore size, the 
volume concentration factor, and the ionic strength of the sample being 
treated.  According to Croué et al. (2000),  the advantages of membrane 
techniques over sorption based techniques are: firstly, that a comparatively 
large volume of water can be processed in a short period of time; secondly, 
that the NOM is never subjected to extreme pH values which have the 
potential to alter its structural properties; and thirdly, that, according to at 
least one report, membranes seem to be more effective than resin 
techniques at collecting polysaccharides and polypeptides (Serkiz and 
Perdue, 1990).  The major drawback of membrane concentration is that, 
similar to evaporation and lyophilisation, the membrane concentration 
techniques do not remove inorganic salts from the NOM, and, in the case of 
RO, actually concentrate the inorganic salt component (Serkiz and Perdue, 
1990, Sun et al., 1995).  Another prospective problem with the use of 
membranes for NOM concentration is the possibility of membrane fouling by 
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the NOM.  There have been a number of researchers (e.g., Wiesner and 
Chellam, 1992, DiGiano et al., 1993, Amy and Cho, 1999, Cho et al., 1999, 
Aoustin et al., 2001) that have reported the sorption of NOM onto 
membranes, particularly higher MW substances (such as humic materials).  
If the NOM concentration near the membrane reaches some critical value, a 
gel-like layer can form, increasing water flux (Chang and Benjamin, 1996, 
Chang et al., 1998) 
 
An attraction of sorption-based isolation techniques is their ability to 
simultaneously concentrate, isolate and fractionate NOM (Thurman and 
Malcolm, 1981).  Several sorbents have previously been used for the 
isolation of NOM.  Materials such as iron and aluminium oxides 
(Levashkevich, 1966, Parfitt et al., 1977, Parfitt and Russell, 1977, Tipping 
and Cooke, 1982, Dzombak and Morel, 1990) have been used for decades, 
however, low MW NOM, low polarity NOM and NOM with a small residual 
negative charge will not be adsorbed by iron or aluminium sorbents 
(Semmens and Staples, 1986, Sinsabaugh et al., 1986, Korshin et al., 
1997a).  Also, co-elution of inorganic anions has been problematic with these 
sorbents (Croué et al., 2000).  Activated carbon has also been used for the 
concentration and isolation of NOM, but only half to two-thirds of the 
adsorbed NOM could be eluted, and there was some evidence that eluted 
NOM had been chemically altered (Leenheer, 1984).  Presently, the most 
extensively used sorption-based procedure for isolating NOM is sorption onto 
non-ionic, macroporous resins, such as the XAD-type resins.  Three decades 
ago, Leenheer and Huffman (1976) proposed using the acrylic ester XAD-8 
resin, the crosslinked aromatic polymer XAD-4 resin and anion exchange 
resins, in a hierarchical fractionation procedure, characterising aquatic NOM 
components based on their hydrophobic-hydrophilic and acid-base 
properties.  This procedure has been refined several times (Leenheer, 1981, 
Leenheer and Noyes, 1984, Leenheer, 1997), but still provides the 
framework for most sorption fractionation procedures. 
 
In any version of this sorption fractionation procedure, the aquatic NOM is 
separated into two fractions referred to as either humic and non-humic or 
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hydrophobic and hydrophilic (Leenheer, 1981).  The hydrophobic fraction 
contains material that is sorbed at acidic pH on the XAD-8 resin and 
desorbed with base, while the hydrophilic fraction is the material that is not 
sorbed by the XAD-8 resin (Leenheer, 1981). Recovery of material sorbed on 
the XAD-8 resin is typically greater than 90 % (Croué et al., 2000).  The 
fractionation procedure has been used to obtain another fraction termed the 
transphilic fraction (Malcolm and MacCarthy, 1992, Croué et al., 1993), 
where material that is not sorbed on the XAD-8 resin is passed at acidic pH 
through an XAD-4 resin.  Approximately 80 % of material adsorbed on this 
resin can be desorbed with base and is termed the transphilic fraction 
(Malcolm and MacCarthy, 1992, Croué et al., 1993).  The fractions can be 
further fractionated with alternative resins to obtain acidic, basic and neutral 
fractions, but these steps offer diminishing returns with more effort required 
to collect progressively smaller incremental amounts of NOM (Croué et al., 
2000).  The obvious advantage of this sorption technique is that the 
hydrophobic and transphillic fractions collected are free from salts and have 
been significantly concentrated; however, only about 75 % of the total NOM 
can be collected and this procedure is very time consuming when compared 
to membrane techniques (Leenheer, 1981, Croué et al., 2000).  The NOM 
remaining in the water is termed the hydrophilic fraction, and is, as a result of 
the fractionation procedure, enriched in salts.  If this fraction is to be isolated 
for characterisation, complicated and time consuming procedures such as 
ion-exchange and precipitation or co-precipitation need to be employed 
(Croué et al., 2000). 
 
Piccolo et al. (2002) and Peuravuori and Pihlaja (2004) proposed an 
alternative means of isolation of NOM, involving fractionation HPSEC in a 
preparative mode.  The mechanisms of HPSEC separation and operation will 
be discussed in Section 1.5.3; however, unlike analytical HPSEC, where 
resolution of chromatograms to obtain accurate and reproducible results is 
the critical factor, in a preparative mode, recovery of sample mass in a 
specified time is the most important consideration.  SEC, or gel permeation 
chromatography (GPC) as it is also known, has been used extensively and 
for a number of decades for the isolation of natural organic components 
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including biopolymers and proteins (Law, 1969, Barlow et al., 1971, Unger, 
1983), however, it was not until Piccolo et al. (2002) applied this technique to 
aquatic humic matter that it was considered as a technique for the isolation 
of NOM.  Unlike analytical HPSEC, where sample volume or mass is 
minimised, in preparative HPSEC, it is important and often advantageous to 
apply a much larger sample amount to the column.  Although it has been 
shown that with increasing sample size (volume or mass), the retention 
volumes of all components and their peak widths increase and resolution will 
decrease (Mori and Barth, 1999), by increasing the mass of sample 
introduced onto the column and using higher eluent flow rates, larger 
amounts of fractionated NOM can be collected.  Repeating this procedure 
several times allows for the collection of NOM separated on the basis of MW.  
Both Piccolo et al. (2002) and Peuravuori and Pihlaja (2004) collected up to 
8 fractions for future study.  Enough material in each fraction was obtained 
by repeating the analysis several times and combining corresponding MW 
fractions for further study.  This technique allowed recoveries of greater than 
90 % of the NOM (Piccolo et al., 2002, Peuravuori and Pihlaja, 2004).  Some 
of the advantages of using preparative HPSEC to isolate and fractionate 
aquatic NOM are that extreme pH conditions are not required and labour 
intensity is low, as automated HPSEC fractionation systems can be used 
(Peuravuori and Pihlaja, 2004).  However, due to the buffers used in HPSEC 
separation, NOM fractions contain high concentrations of salts.  To 
overcome this issue, dialysis using a MW cut-off of 1000 Da was 
successfully applied to remove the buffer salts and fractions could be 
concentrated easily by lyophilisation (Piccolo et al., 2002, Peuravuori and 
Pihlaja, 2004).  
 
1.5.2. NOM Characterisation Techniques 
 
The size, chemical composition, structure, functional group content and 
polyelectrolytic characteristics of NOM may vary greatly depending on the 
origin and age of material (Aiken et al., 1985, Chin et al., 1994).  However, 
because of the complexity of NOM, no single analytical tool can provide 
definitive structural or functional information about NOM.  Rather, as 
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Schnitzer and Khan (1972) suggested: “significant progress in our knowledge 
of the chemistry and reactions of humic substances may be possible only by 
the combined application of a variety of spectroscopic and wet-chemical 
techniques.”  Croué et al. (2000) separated NOM characterisation techniques 
into four tiers depending on the information gained.  The first tier techniques 
address the chemical identities of individual species included in the NOM 
macromolecules, such as amino acids and carbohydrates.  The second tier 
techniques investigate the nature and abundance of structural units in the 
NOM molecules, and include techniques such as elemental composition, 13C 
and 1H nuclear magnetic resonance (NMR) spectroscopy, Fourier transform 
infrared (FTIR) spectroscopy, and gas chromatography-mass spectrometry 
(GC-MS) utilising various forms of sample introduction including thermal 
degradation (e.g. pyrolysis).  Analysis with both Tier 1 and 2 techniques 
provides chemically specific information; however, these techniques require 
substantial sample preparation.  The third tier of techniques addresses 
issues related to chemical behaviour of NOM, focussing on its polymeric 
nature.  Techniques to investigate MW, or more correctly molecular size, 
distribution, acid-base and hydrophobic-hydrophilic properties, and NOM 
reactivity are included in this group.  These types of analyses usually require 
less sample preparation than either Tier 1 or Tier 2 analyses.  Tier 4 
analyses comprise techniques not explicitly exploring chemical identities of 
functional groups or molecules, but measure a spectral signature of NOM 
in situ, such as ultraviolet/visible (UV/vis) absorbance spectroscopy and 
fluorescence spectroscopy.  Due to the simplicity and sensitivity of these 
latter techniques, sample analysis can be performed without sample 
concentration or isolation (Croué et al., 2000).  In the following sections, 
techniques from each Tier used in the current study will be described. 
 
1.5.2.1. Tier 1 NOM Characterisation Techniques 
 
No Tier 1 techniques were applied for characterisation of NOM in the current 
study. 
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1.5.2.2. Tier 2 NOM Characterisation Techniques 
1.5.2.2.1. Elemental Composition 
 
Elemental analysis is generally the first technique applied to the study of 
NOM (Croué et al., 2000).  The elements analysed include carbon, 
hydrogen, oxygen, nitrogen and sulfur and the fraction of NOM which is not 
oxidised is referred to as ‘ash’ and indicates the amount of inorganic species 
present (Croué et al., 2000).  The results of these analyses are usually given 
in percent by weight and also specific ratios of elements present.  
Abbt-Braun and Frimmel (1999) have stated that the higher the carbon to 
hydrogen ratio, the greater the aromatic content, while a reduction of this 
ratio indicates a higher degree of aliphatic carbon.  The carbon to oxygen 
ratio indicates the proportion of oxygenated functional groups and, similarly, 
the nitrogen to carbon ratio indicates the proportion of nitrogenous functional 
groups, such as proteins. 
 
1.5.2.2.2. Nuclear Magnetic Resonance Spectroscopy 
 
NMR spectroscopy is a powerful technique allowing molecular level 
structural elucidation (Knicker and Nanny, 1997).  The advantages of NMR 
spectroscopy over many other structural characterisation techniques are that 
it is non-destructive, can be used to identify individual functional groups and 
can aid in determining structures of large macromolecules.  Humic 
substances have been studied by NMR since Schnitzer and Barton (1963) 
applied solution state 1H NMR spectroscopy to investigate the structural 
features of humic acids.  The development of the Fourier transform NMR 
spectroscopic technique allowed low concentrations of organic matter to be 
studied, hence, natural abundance 13C NMR spectra in the liquid state could 
be investigated (Ernst and Anderson, 1966).  Gonzalez-Vila et al. (1976) first 
applied 13C solution state NMR to the study of humic materials.  The 
development of high resolution 13C solid state cross-polarisation magic angle 
spinning (CPMAS) allowed solid state analysis of complex macromolecules 
such as NOM.  Schafer and Stejskal (1976), Newman et al. (1980) and 
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Hatcher et al. (1980) were the first researchers to apply this solid state 
technique to the study of NOM. 
 
The determination of chemical shifts is the principal application of NMR 
spectroscopy by which structural information can be obtained (Nanny et al., 
1997).  For the study of NOM, determination of these chemical shifts allows 
semi-quantitative and qualitative assignment of carbon and hydrogen (from 
the study of 13C and 1H NMR spectroscopy, respectively) bonded to different 
chemical structures (Nanny et al., 1997).  For 1H solution NMR spectroscopy, 
chemical shifts of between 1 and 10 ppm are typically obtained.  Croué et al 
(2000) provide chemical shifts from 1H solution NMR spectroscopy for 
various chemical linkages in NOM.  1H Solution NMR spectroscopy was not 
used in the current study.  For 13C NMR spectroscopy, Keeler et al. (2006) 
studied the chemical shifts of various structural features from a humic acid 
sample.  Both solution and solid state 13C NMR spectroscopy produce 
chemical shifts in the same region of the spectrum, and the differences 
between solid and liquid state NMR techniques will be discussed below.  
Typically, five broad regions are investigated in 13C NMR spectroscopy: 
these are 0-60 ppm (assigned as aliphatic carbon), 60-100 ppm (assigned to 
carbohydrates or O-aliphatic carbons), 100-165 ppm (assigned to aromatic 
carbon), 165-190 ppm (assigned to carboxyl carbon), and 190-230 ppm 
(ketones and aldehydes) (Malcolm, 1990).  However, far more information 
can be obtained from good quality spectra.  For example, Croué et al. (2000) 
and Keeler et al. (2006) identified far more peaks corresponding to different 
types of carbons.  A broad peak at 20 ppm was due to terminal methyl 
groups of alkyl chains, while methylene carbons in alkyl chains and 
polypeptides and methyl groups of acetyl groups attached to aliphatic 
structures produced a peak at 30 ppm.  A peak at ~60 ppm was due to 
carbon attached to aliphatic alcohols, esters and ethers, while a peak at ~70 
ppm was associated with carbonyl carbons of cellulose and hemicellulose.  
Glucose fragments from carbohydrates produced a peak at ~100 ppm, while 
a broad signal at 130 ppm was due to aromatic carbon, and a peak at 150 
ppm was associated with substituted aromatic carbon, as well as a 
contribution from O-substituted carbon in aromatic structures.  Peaks 
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centered at ~170 ppm were typically due to carbonyl/carboxyl carbons from 
structures such as hemicellulose, amides and polypeptides.  Peaks at 190 
ppm and above were generally due to the presence of ketone functionalities 
(Croué et al., 2000, Keeler et al., 2006). 
 
For the study of NOM, solid and liquid 13C NMR and solution 1H NMR 
spectroscopy can be applied and all three techniques have associated 
advantages and disadvantages.  The use of solution NMR spectroscopy is 
not as favoured as solid state NMR spectroscopy for several reasons.  The 
first reason is the low solubility of aquatic NOM in NMR solvents and the 
differential solubility of various components of NOM, resulting in sample 
fractionation (Malcolm, 1989, Wilson, 1989).  In addition, certain chemical 
shifts of the sample can be obscured by solvent peaks and the solvent can 
affect the chemical shifts of the sample.  More technical problems through 
the use of solution NMR spectroscopy are the long relaxation times and 
nuclear Overhauser effect, which relates to variations in the relaxation of 
different chemical linkages, affecting quantification of peaks.  The advantage 
of solution NMR spectroscopy is a reduction in peak broadening, and hence 
an increase in peak resolution, due to the natural rotation or ‘tumbling’ of 
molecules in solution (Malcolm, 1989).  Solid state NMR spectroscopy is 
limited to the study of the 13C nucleus.  The major reason for the limitation on 
solid state proton NMR spectroscopy is due to problems with line broadening 
experienced by solid state experiments.  For proton NMR spectroscopy, 
techniques such as CPMAS are not sufficient to reduce line broadening to 
enable sufficient resolution (Wilson, 1987, 1989).  The advantages of 13C 
solid state NMR spectroscopy for the study of NOM are elimination of the 
nuclear Overhauser effect, rapid relaxation rates, solubility of samples is not 
an issue and also samples, which often require extensive separation and 
isolation procedures, can be recovered in an uncontaminated state (Wilson, 
1989).  However, there are some important considerations in the use of solid 
state 13C NMR spectroscopy, including the incomplete cross polarisation of 
certain carbon atoms in a NOM molecule.  This results in some carbon types 
being underestimated in solid state spectra, typically aromatic carbons, 
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which results in issues with quantification of the spectra (Alamany et al., 
1983, Wilson, 1987, 1989, Knicker and Nanny, 1997). 
 
1.5.2.2.3. Fourier Transform Infrared Spectroscopy 
 
Analysis of pure compounds with FTIR spectroscopy results in complex 
spectra due to the many absorption bands generated.  The analysis of NOM 
by FTIR spectroscopy, however, produces much simpler spectra as only the 
strongest absorption bands can be identified, due to the heterogeneous 
nature of the sample (Croué et al., 2000).  FTIR spectroscopy is a technique 
used to study the molecular structure of a molecule and is based on the 
absorption of infrared radiation by the vibrational modes of bonded atoms 
(Bloom and Leenheer, 1989).  FTIR spectroscopy is particularly useful for 
examining the nature of oxygen in organic molecules, as the intensity of 
absorption is to a great extent a function of the change in dipole moment 
involved in the vibration.  In this regard, FTIR spectroscopy is, in fact, 
superior to NMR spectroscopy for the analysis of oxygen in NOM as NMR 
provides only indirect spectral information through the effects of oxygen on 
1H or 13C nuclei (Bloom and Leenheer, 1989). 
 
For FTIR analysis of NOM, several main absorption bands are found.  These 
include a broad band from 3 600-2 400 cm-1, characteristic of hydrogen 
bonded hydroxyl groups or water.  Aliphatic C-H stretching typically produces 
a band at ~2 900 cm-1 and carbonyl stretching of carboxylic acids and 
ketones produces a strong band at 1 720 cm-1.  Aromatic carbon stretching 
and hydrogen bonded carbonyl groups have a band at 1 610 cm-1, while C-O 
stretching of carboxylic acids, ethers and esters displays a characteristic 
peak at 1 250 cm-1 (Stevenson, 1982).   
 
One significant disadvantage of FTIR spectroscopy is that only qualitative 
information on the structure of NOM can be derived (Bloom and Leenheer, 
1989).  This is because the various stretching, vibrational and rotational 
motions which absorb infrared radiation have a wide range of molar 
absorptivities and the absorptivity of each group in the molecule must be 
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known for quantitative determination.  Another difficulty in quantitative and, in 
fact, qualitative determinations of functional group type is the overlap of 
bands from the multiple infrared active groups in NOM.  Another issue with 
FTIR spectroscopy is that samples are typically prepared as KBr discs, and 
this method may introduce a broad band at 3 500-3 300 cm-1 due to the 
presence of water adsorbed onto the sample from the atmosphere (Bloom 
and Leenheer, 1989). 
 
1.5.2.2.4. Pyrolysis-Gas Chromatography-Mass Spectrometry 
 
Thermal degradation of NOM, termed pyrolysis, gives specific by-products 
that can be linked to macromolecules synthesised from natural biopolymers 
(Croué et al., 2000).  Analytical pyrolysis involves rapid heating of a sample 
at temperatures usually ranging from 300 °C to 800 °C (Hatcher and Clifford, 
1994).  Typically, the sample is heated to the target temperature within 
milliseconds to seconds and this temperature is maintained for up to 20 
seconds.  Products from the on-line thermal degradation of the NOM sample 
are trapped on the front of a gas chromatography (GC) column, then 
separated by GC and identified by mass spectrometry (MS); this technique is 
termed pyrolysis-GC-MS (Py-GC-MS).  While Py-GC-MS cannot be used as 
a strictly quantitative analytical technique, it can provide a specific fingerprint 
of a NOM sample (Bracewell et al., 1989).   
 
Pyrolysis followed by GC-MS has been used to differentiate between 
different humic fractions and to identify some precursors of NOM.  For 
example, Peschel and Wildt (1988) investigated the pyrolysis products of 
several carbohydrates and proteins and identified a number of characteristic 
products.  They showed that methylfurans, furfural and methyl furfural were 
always produced from thermal degradation of the selected carbohydrates, 
while acetonitrile, pyrrole and acetamide were always produced after the 
proteins were thermally degraded (Peschel and Wildt, 1988).  Similarly, Saiz-
Jimenez and de Leeuw (1986) identified a range of pyrolysis products from 
natural products, including lignins, polysaccharides and proteins.  Analysis of 
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the pyrolysis products from several whole soil samples allowed them to 
identify the portion of each of the described macromolecular groups in their 
soil samples (Saiz-Jimenez and De Leeuw, 1986).  Page et al. (2002) used 
Py-GC-MS to identify organic compounds which may act as markers of 
terrestrially derived bio-macromolecules in pyrograms.  Lignin, chitosan, 
bovine serum albumin, tannic acid and cellulose were used as models for 
macromolecular precursors and products from the degradation techniques in 
turn were linked to each reference macromolecule (Page et al., 2002). 
 
The low yield of compounds analysed upon thermal degradation of NOM is 
one of the major disadvantages of Py-GC-MS.  Often less than 25 % of the 
NOM is detected as individual compounds (Gaffney et al., 1996).  Also, 
Py-GC-MS suffers from several serious limitations that need to be 
considered when interpreting results.  Secondary reactions can occur 
between pyrolysis products and reactive intermediates, and the resultant 
compounds identified may not always directly represent moieties in the 
original macromolecule (Saiz-Jimenez, 1994).  According to Saiz-Jimenez 
(1994), one of the most intriguing facts in NOM structural characterisation is 
the presence of aromatic structures containing carboxylic acids often found 
by other methods, such as chemical oxidation and NMR spectroscopic 
studies, but which are not observed in thermal degradation analysis.  In 
Py-GC-MS, carboxylic acid moieties were found to be converted to carbon 
dioxide, which is often also present as a contaminant due to gas leaks in the 
GC-MS system, making estimations of carboxylic acid content difficult (Saiz-
Jimenez, 1994). 
 
1.5.2.3. Tier 3 NOM Characterisation Techniques 
 
A detailed discussion of HPSEC is presented in Section 1.5.3. 
 
 
 
 
Chapter 1 30
1.5.2.4. Tier 4 NOM Characterisation Techniques 
 
The absorption of both ultraviolet (UV) and visible (vis) light at λ > ~230 nm 
by surface waters and groundwaters is widely attributed to the aromatic 
chromophores present in aquatic NOM (Christman et al., 1989, Chin et al., 
1994).  One of the disadvantages of using UV/vis spectroscopy for studying 
NOM is that the spectra are typically broad and nearly featureless (Wang et 
al., 1990).  As a result, information gained from UV/vis spectroscopy for the 
study of NOM has often been limited to monitoring the absorbance at 
253.7 nm (usually quoted as 254 nm) or higher wavelengths, such as 
400 nm (Clesceri et al., 1998).  The absorbance at 254 nm has been 
attributed to aromatic moieties, while the absorbance at 400 nm measures 
the ‘colour’ of the sample, possibly due to quinone like structures and 
conjugated ketonic C=O structures (Stevenson, 1982).  A parameter, termed 
the E4/E6 ratio, is also used: it is defined as the ratio of the absorbance at 
465 nm to the absorbance at 665 nm (Stevenson, 1982).  Chen et al (1977) 
showed that the E4/E6 ratio decreased with increasing MW and condensation 
and proposed that it may serve as an index of humification.  A low E4/E6 ratio 
may be indicative of a relatively high degree of condensation of aromatic 
constituents, and a high ratio may reflect a low degree of aromatic 
condensation and imply the presence of relatively more aliphatic structures 
(Chen et al., 1977).  Similarly, the specific UV absorbance (SUVA) at 
254 nm, a measure of the UV absorbance at 254 nm per mg of DOC in 1 L of 
sample, is an indication of the aromatic, hydrophobic character of NOM 
(Traina et al., 1990, Novak et al., 1992).   
 
While the UV/vis spectra are typically broad and nearly featureless, in theory, 
the spectrum could be deconvoluted into separated spectra which are the 
result of distinct chromophores.  However, this is effectively impossible as 
the number of individual chromophores is high, their concentrations are 
unknown and none of the chromophores posses a unique and easily 
distinguishable absorption spectrum (Korshin et al., 1997b).  This has meant 
the potential of UV spectroscopy has largely not been investigated.  Korshin 
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et al. (1996, 1997b), as an alternative to simply measuring individual 
wavelengths, has proposed modelling the UV absorbance spectrum of NOM 
as a composite of three absorption bands , representing certain electronic 
transitions in aromatic chromophores in NOM molecules.  These transitions 
were based on known electronic transitions of benzene and termed the local 
excitation, benzoid and electron transfer transitions which have peaks at 180, 
203 and 253 nm respectively.  The three model spectra can be 
superimposed on the UV spectra of NOM and when summed, closely 
resemble the experimental spectra.  Modelling these transition has shown 
that their relative intensities provide useful information about the structural 
features of NOM as well as providing information on NOM reactions (Korshin 
et al., 1996, Korshin et al., 1997b). 
 
1.5.3. Size Exclusion Chromatography  
 
The MW or molecular size plays a critical role in determining the mechanical, 
bulk and solution properties of polymeric material (Mori and Barth, 1999).  
Compared to small organic molecules, which have discrete, well-defined 
MWs, organic macromolecules can be comprised of hundreds or thousands 
of chains of varying MWs, so the MW distribution is also an important factor 
controlling the properties of polymers (Mori and Barth, 1999).  Synthetic 
polymers do have a distinctive MW distribution depending on the 
polymerisation mechanism, kinetics and conditions applied during their 
formation (Yau et al., 1979).  Conversely, natural polymers and 
macromolecules, such as lignins, polysaccharides and humic substances, 
can have characteristic MWs, depending on their source, histories and 
method of isolation (Yau et al., 1979). 
 
The MW distribution of aquatic NOM is an important consideration in drinking 
water treatment process operations for several reasons.  For example, 
previous research has demonstrated that low MW NOM components 
decrease the efficiency of treatment with activated carbon because they 
compete for adsorption sites with target compounds (Newcombe et al., 
1997).  The low MW components are also thought to comprise the fraction 
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that is the most difficult to remove using conventional coagulation treatment 
(Chow et al., 1999, Drikas et al., 2003).  Certain fractions of NOM have also 
been shown to be significant factors in the fouling of membranes used in 
drinking water treatment (Aoustin et al., 2001).  Some studies have shown 
that the low MW fractions contribute disproportionately to bioavailable 
organic matter (BOM), and therefore promote biofilm formation in drinking 
water distribution systems (Volk et al., 2000, Hem and Efraimsen, 2001).  
Knowledge of changes in the MW distribution of NOM during water treatment 
is therefore of considerable interest to the water industry, and substantial 
efforts have been made to develop techniques to identify the MW distribution 
of organic matter present in a water sample. 
 
A variety of techniques have been used to characterise MW distribution, 
including analytical ultrafiltration (Buffle et al., 1978), field flow fractionation 
(Giddings et al., 1987) and vapour pressure osmometry (Figini and Marx-
Figini, 1981).  Disadvantages of these techniques are that, while the MW can 
be determined, statistical averages cannot be calculated.  In the case of field 
flow fractionation, instrumentation is often complex, analysis time long and 
sample preparation extensive.  MW averages can also be measured 
independently by physical methods, such as boiling point elevation, freezing 
point depression, membrane osmometry, vapour pressure osmometry and 
light scattering.  A major limitation of these techniques is that the overall 
shape of the MW distribution remains unknown (Mori and Barth, 1999).  
Hence, two macromolecular samples may have the same average MWs but 
completely different MW distributions.  The most popular, and by far the most 
convenient, method of determining average MWs and MW distributions is 
HPSEC.  This technique allows the determination of MW distributions and all 
the statistical averages in a relatively short time period with little sample 
volume or sample preparation. 
 
For soluble macromolecular material, the MW distribution can be determined 
using chromatography on a porous gel or resin using a suitable detection 
system.  In HPSEC, the high MW compounds are excluded from the resin 
and elute first, while smaller species are able to permeate the pore space of 
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the resin and thereby progress through the column more slowly and elute 
later.  To define the MW distribution of a polymer or macromolecular 
material, statistical averages of the distribution are calculated.  These 
parameters include the number averaged MW (Mn; the weight of ‘average’ 
molecules in the mixture), weight averaged MW (Mw; weight of the molecule 
to which the ‘average’ atom belongs) and polydispersity (ρ), calculated as 
shown below: 
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i is the height of the sample HPSEC curve eluted at vol
is
substance having a single MW, Mn will be equal to Mw and ρ = 1; whereas 
a
 
1.5.3.1. Mechanisms of Size Exclusion Chromatography Separati
 
SEC is an attractive option for determining the MW distribution of or
polymers and macromolecular samples due to the ease of operation, 
simplicity of sample preparation and requirement of minimal sample 
volumes.  SEC separates predominantly on the basis of molecular 
hydrodynamic volume or size, rather than by enthalpic interactions with the 
stationary phase, as is the case with other modes of liquid chromatography, 
such as adsorption, partition, or ion-exchange (Mori and Barth, 1999).  In
SEC, as a mixture of solutes of different size pass through a column packed 
with porous particles, the molecules that are too large to penetrate the pores 
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of the packing material elute first, passing straight through the column.  
Smaller molecules that can penetrate or diffuse into the pores, elute at a l
time or elution volume, depending on the degree of permeation into the 
space of the resin phase.  Thus, a sample is separated or fractionated
molecular size, the profile of which describes the MW distribution or size 
distribution of the sample (Mori and Barth, 1999).  If the SEC system is 
ater 
pore 
 by 
alibrated with a series of compounds with known MW, a relationship 
n then 
y 
.e., 
 
with 
freely diffuse into the pores, sampling the tal pore volume of the stationa
e packed SEC column: 
p VVV
c
between MW and elution volume can be obtained.  This relationship ca
be used as a calibration curve to determine the MW distribution of a sample. 
 
Following injection of a sample containing a mixture of different sized 
molecules, those which are too large to penetrate the pores of the stationar
phase elute first within the interstitial or void volume (V0) of the column, i
the volume of the mobile phase that is located between the particles of the 
stationary phase (Mori and Barth, 1999).  Smaller solutes approaching the
average pore size of the stationary phase penetrate or partition into the 
pores of the stationary phase and elute at a longer elution time.  Solutes 
a molecular size which is relatively small with respect to the pore size will 
to ry 
phase (Vi).  The elution volume of small solutes will be equal to the total 
mobile phase volume or permeation volume (Vp) of th
0 i+=  1.4 
 The chromatographic behaviour of the solutes separated by HPSEC can be
described by the general chromatographic equation: 
iSEC0e VKVV +=  1.5
where V
 
e elution volume of a solute and KSEC is the SEC distribution 
coefficient.  KSEC is a thermodynamic parameter defined as the ratio of the 
average concentration of the solute in the pore volume [c]i to that in the void 
e is th
volume [c]0: 
0
i
SEC ]c[
]c[K =  1.6
From equation 1.4 and equation 1.5, it is clear that K
 
of SEC has defined limits 
0 ≤ KSEC ≤ 1.  As a result, the product of the void volume and the accessible 
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pore volume, KSECVi, governs the retention volume of a sample.  If KSEC > 1, 
the separation is controlled by enthalpic interactions which depend on the 
chemical composition of the solute and not necessarily on its MW.  This is a 
major problem in using SEC to separate aquatic NOM, and it is necessary
ects 
 to 
reduce the enthalpic interactions as much as possible.  Where these eff
can not be eliminated, equation 1.5 becomes: 
SKVKVKVV adsspartiSEC0e +++=  
where K
1.7 
onsible for separation, however, in practice, this is 
virtually impossible to achieve due to the complex nature of aquatic NOM 
part is the partition coefficient, Vs is the volume of the stationary 
phase, Kads is the adsorption coefficient, and S is the surface area of the 
packing.  If the last two terms of equation 1.7 are zero, then only size 
exclusion effects are resp
and the presence of charged regions in the stationary phase.  Therefore, 
KSEC can be defined by: 
pDSEC KKK =  1.8 
here KD is the distribution coefficient for pure size exclusion and Kp is the 
 
d 
b, 
awkins, 1976, Kopaciewicz and Regnier, 1982).  The geometric approach 
nd thermodynamic model appear to be the most useful to users as they 
ffer the clearest and most practical explanation (Mori and Barth, 1999). 
 
w
distribution coefficient for solute-stationary phase interaction effects (Mori 
and Barth, 1999). 
 
There have been a number of mechanisms used to describe SEC including
geometric considerations (Ogston, 1958, Laurent and Killander, 1964, 
Squire, 1964, Casassa, 1967, Giddings et al., 1968, Casassa, 1971, van 
Kreveld and van Den Hoed, 1973, Hager, 1980, Kubin and Vozka, 1980), 
restricted diffusion (Smith and Kollmansberger, 1965, Yau and Malone, 
1967, DiMarzio and Guttman, 1969), separation by flow (Cheng, 1986), an
thermodynamic models (Chang, 1968, Yau et al., 1968a, Yau et al., 1968
D
a
o
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1.5.3.1.1. Geometric Models for Size Exclusion Chromatography 
Separation 
 
The simplest method to describe the mechanism by which SEC separates
molecules of various sizes is by using geometric considerations.  These
approaches assume either conical (Figure 1.3a) or cylindrical (Figure
pore openings (Mori and Barth, 1999).  Although pore structures of SEC 
stationary phases are more complex than these models and enthalpic 
interactions between stationary phase and solutes are impo
 
 
 1.3b) 
ssible to 
eliminate, the two models offer useful insi
ccount spherically shaped molecules (Yau et al., 1979).   
ule 
m the pore structure.  These large molecules pass 
rough the column without being impeded, and elute at V0.  An intermediate 
molecule (2) can penetrate into the pore structure until it reaches a diameter 
ghts into the separation process.  In 
exploring these models, one has to bear in mind that they only take into 
a
 
Figure 1.3  Geometric models: a) conical-pore opening, b) cylindrical pore opening 
(taken from Mori and Barth, 1999). 
 
The conical model, first proposed by Porath (1963) assumes the pores of the 
stationary phase narrow with increasing depth.  Spherical molecules 
penetrate the pores to certain depths depending on the ratio of the molec
diameter to pore diameter (Mori and Barth, 1999).  In Figure 1.3a, molecules 
(1) with diameters larger than that of the pore cannot penetrate the pore and 
are totally excluded fro
th
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comparable to its own.  Such molecules are slightly impeded and elute at
various points between V
 
 
te 
r 
f 
t at 
f 
 is no 
e 
side of 
d 
ubin and Vozka (1980) described this phenomenon as the wall or excluded 
is 
able to access a smaller amount (the cross shaded area surrounded by a 
olid line) of the pore volume when compared to the smaller molecule (5) 
hile still not 
lar conformation of polymer molecules cannot be defined with 
certainty, both the conical and cylindrical pore models are useful, but only 
provide a simplified picture of SEC behaviour (Mori and Barth, 1999). 
 
o and Vp, depending on their molecular diameters. 
The smallest molecules can reach deep into the pore structure and penetra
almost the entire pore volume.  Such molecules are retained to the greatest 
extent and elute latest, at or close to Vp, again depending on their molecula
diameter.  Thus, for this simplified example, the molecules elute in order o
decreasing molecular diameter, i.e. 1, 2 then 3 (Mori and Barth, 1999).  This 
model is obviously a simplified version of what actually takes place inside the 
stationary phase of a SEC column.  Interactions between the stationary 
phase and solutes are not taken into account and, the model assumes tha
any point in time only one molecule can be positioned inside a single pore o
the stationary phase. 
 
The cylindrical pore model is an improvement on the conical pore model 
(Mori and Barth, 1999).  However, this model still assumes that there
interaction between the stationary phase and the solute affecting Ve.  Th
cylindrical pore model assumes a constant diameter throughout the in
the pore (Mori and Barth, 1999).  The accessible pore volume is limited to 
the radius of the molecule from the pore wall: Giddings et al. (1968) an
K
volume effect.  This is shown in Figure 1.3b, where the larger molecule (4) 
s
(diagonally shaded area surrounded by a dotted line), and so elutes earlier 
from the column (Mori and Barth, 1999).  The cylindrical model, w
able to fully define the separation process, provides a better method of 
describing the separation mechanism of SEC.  Here, a number of molecules 
are able to both enter and exit the pore volume at any point in time.  
However, because the pore structures of the stationary phases and the 
molecu
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1.5.3.1.2. Thermodynamic Model for Size Exclusion Chromatography 
Separation 
 
The more widely accepted, and more realistic, approach to conceptualisin
oid 
y Dawkins (1976), 
Yau et al. (1979) and Mori and Barth (1999).
 SEC was shown 
to be: 
g 
SEC is based on thermodynamic considerations.  It invokes the 
establishment of a thermodynamic equilibrium between the solute in the v
volume and the solute in the pore volume, as described b
  In Section 1.5.3.1 the general 
chromatographic equation for the separation of solutes by
iSEC0e VKVV +=  
The standard free energy change, ∆G°, for the transfer of solute molecules
from the mobile phase to the stationary phase is related
1.5 
 
 to KSEC by (Dawkins, 
1976): 
1.9 SECKlnkTG =∆ o  
where k is the Boltzmann’s constant and T is temperature.  Also, the 
standard free energy change depends on the standard enthalpy change, 
∆H°, and the standard entropy change, ∆S°, as follows: 
ooo STHG ∆−∆=∆  1.10
Thus, combining equations 1.9 and equation 1.10 gives: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ∆×⎟⎟⎠
⎞
⎜⎜⎝
⎛ ∆−=
k
Sexp
kT
HexpKSEC
oo
 
At ideal SEC conditions, ∆H° is equal to zero and there are no enthalpic 
1.11 becomes (Dawkins, 1976, Mori and Barth, 1999): 
1.11
interactions between the stationary phase and the solute.  Thus, equation 
k
SexpKSEC
o∆=  1.12
In reality, this is not the case and ∆H° is usually slightly positive or slightly 
negative, depending on the overall charge of the stationary phase and the 
ins, 1976).  This results in either adsorption of the 
e 
slightly higher than would be expected, or repulsion interactions, when ∆H° is 
positive, and hence Ve slightly lower than would otherwise be expected.  
solute molecule (Dawk
solute to the stationary phase surface, when ∆H° is negative, and hence V
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Since the conformational degrees of freedom of the solute are more 
restricted inside the pores of the stationary phase, as compared to being in
the void volume, the conformational entropy of the solute chain de
during permeation into the pores.  The driving force behind ∆S° arises from 
the concentration gradient of the solute developed between the void and 
pore volumes.  The loss in conformational entropy when the solute trans
from the mobile phase to within a pore governs SEC separation (Dawkins, 
1976). 
 
1.5.3.2. The Application of Siz
 
creases 
fers 
e Exclusion Chromatography to NOM 
r 
 proteins 
h Posner 
 
ork 
ly 
9).  
 
Since Porath and Flodin (1959) first reported the use of Sephadex® gels fo
the separation of glucose from dextrans of various MWs, there have been 
thousands of published reports on the use of SEC for MW based 
separations.  The large majority of these publications describe the separation 
of synthetic polymers, desalting of organic samples and isolation of
and other natural macromolecules for further study.  Application of this 
technique for determining the MW distribution of naturally occurring organic 
material began shortly after the Porath and Flodin (1959) report, wit
(1963) and then Gjessing (1965) reporting the estimation of MWs of humic 
substances in natural waters.   
 
The first MW determinations of humic material by low pressure SEC were 
conducted using Sephadex® gels (Posner, 1963, Gjessing, 1965).  Porath
and Flodin (1959) described these gels as ‘prepared by cross-linking dextran 
in such a way that the polysaccharide chains form a macromolecular netw
of great stability’.  The gels had several advantages over previous 
substrates, such as starch and agar, which had been used for size-based 
separations but had proved to be of little practical value (Porath and Flodin, 
1959).  It was found that aqueous solutions filtered rapidly through 
Sephadex® gels at atmospheric pressure, and the gel was not appreciab
dissolved in neutral, acidic or basic solutions (Porath and Flodin, 195
Several different Sephadex® gels are available, covering a range of MW 
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exclusion limits.  These exclusion limits, along with calibration with a numb
of macromolecules of established MW, were used to determine the MW 
distribution of aquatic NOM.  Several researchers (Gjessing, 1965, Gjessing 
and Lee, 1967, Ghassemi and Christman, 1968, Kemp and Wong, 1974, 
Ishiwatari et al., 1980, Tuschall and Brezonik, 1980, Davis and Gloor, 1981) 
used Sephadex
er 
 
x® 
 NOM 
d 
rength led to adsorption of 
ertain functionalities within the aquatic NOM to the stationary phase.  It was 
, 
 
se 
n order 
e, 
shorter analysis times (Mori and Barth, 1999).   
® gels in low pressure SEC to determine the MW of aquatic 
NOM, with reported values of between 500 and 2 000 000 Da.  It has been 
shown, however, that the MW distributions of humic substances determined
by SEC can be higher than those determined by other methods, due to 
calibration with standards that are likely to have different molecular 
dimensions (conformations) than the components of the aquatic NOM being 
analysed (Schnitzer and Skinner, 1968).  In addition, elution volumes of 
NOM can be both increased and decreased, depending upon interactions 
between the solute organic material and the stationary phase.  Sephade
gels, as well as other stationary phases used for SEC, are known to have a 
negative charge on the gel surface, which results in an ion exclusion effect 
on the negatively charged regions known to occur in the structure of aquatic 
NOM components (Marinsky, 1986).  The aromatic character of aquatic
can also lead to sorption on the stationary phase (Hatcher et al., 1981).  To 
overcome these phenomena, Gelotte (1960) and Posner (1963) advocate
the use of electrolytes in the mobile phase to increase its ionic strength.  
They found, however, that increasing the ionic st
c
concluded that a fine balance between adsorption and exclusion effects 
needed to be found.  The major disadvantage of using Sephadex® in SEC
however, is the weak matrix of the gel, with associated softness, which 
means it is not able to withstand the higher pressures required for increasing
the speed of analysis (Mori and Barth, 1999).  This results in the need to u
low flow rates and, hence, analysis times of greater than 24 hours.  I
to increase the speed of analysis, several new packing materials were 
developed, including porous glasses or silicates, and soft and rigid organic 
gels.  The advantage of these new packings was their ability to be used 
under higher pressure, resulting in significantly higher flow rates and, henc
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 The effect of adsorption and exclusion on the MW distribution of aquatic
NOM continues to be a problem, even with the development of superior 
phases able to be used at high pressure (HPSEC).  HPSEC was used 
exclusively in this thesis and all SEC will be referred to as HPSEC from th
point forward.  According to Peuravuori and Pihlaja (1997), the choice of 
eluent, rather than the stationary phase, is the most critical factor in 
achieving suitable separation of aquatic NOM.  Berdén and Berggren (1990) 
investigated the effect of ionic strength (µ) and eluent pH of the mobile ph
on the elution behaviour of a humic substance using a Toyo Soda (now 
Toyopearl) TSK G2000 SW
 
is 
ase 
 pH 
y phase, 
me of 
980) 
h 
 
xL silica-based HPSEC column and the use of 
polystyrene sulfonates (PSSs) for MW calibration of the column.  These 
researchers found that both parameters strongly affected the retention 
behaviour of humic substances, and that a high ionic strength and low
resulted in an increased elution volume.  Berdén and Berggren (1990) 
explained this in terms of exclusion effects from interactions between the 
sample and stationary phase and also intramolecular interactions of the 
humic substance.  Stevenson (1982) described humic substances as coiled 
relatively unbranched chains of 2- to 3-dimensionally crosslinked molecules, 
having ionised carboxylate groups distributed throughout the molecule.  
Thus, an increase in the ionic strength of the mobile phase would result in a 
decrease in ion exclusion effects between the sample and stationar
due to cationic competition for anionic sites, and a decreased repulsion 
between different ionic parts of the humic macromolecule.  The latter would 
decrease the hydrodynamic volume of the macromolecule.  Both the 
decreased ion exclusion effects and the decreased hydrodynamic volu
the macromolecule would lead to an increased elution volume.  Barth (1
however, reported that adsorption of the sample to the stationary phase 
increased with increasing ionic strength and recommended an ionic strengt
of 0.1 mol L-1 to minimise both exclusion and adsorption effects.  Berdén and
Berggren (1990) also found that a mobile phase pH of 7 minimised both 
adsorption and exclusion effects and advocated the used of a mobile phase 
ionic strength of 0.1 mol L-1.  Peuravuori and Pihlaja (1997) further 
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investigated the effect of mobile phase composition and standards for MW 
calibration.  Here, they argued that a mobile phase consisting of 10 mmol L-1 
he 
searchers compared a number of eluents and demonstrated that a 
hers 
d, 
ds as 
 
for 
t 
wend, 
ach 
 
 Mw) 
r MW 
 
sodium acetate was superior for the MW separation of aquatic NOM.  T
re
10 mmol L-1 sodium acetate buffer achieved superior resolution of MW 
fractions when compared to a number of different concentration phosphate 
buffers and sodium azide.  With regard to MW standards, the researc
employed a slightly different approach to that taken in previous work (Barth, 
1980, Beckett et al., 1987, Berdén and Berggren, 1990, Chin and Gschwen
1991, Chin et al., 1994), using a number of different types of compoun
MW standards.  They argued that, while PSSs were relatively similar to 
humic substances when compared to other available macromolecules, 
aquatic NOM was more branched and cross-linked, and, thus, they utilised
polyethylene glycols (PEGs), as well as a number of proteins and simple 
organic molecules, for MW calibration (Peuravuori and Pihlaja, 1997). 
 
The choice of standards for MW calibration, as well as statistical methods 
calculating MW averages, has been a contentious issue since SEC was firs
used to study aquatic NOM.  Different types of compounds used for 
calibrating SEC columns include dextrans (Ghassemi and Christman, 1968, 
Engelhardt and Mathes, 1977), various proteins (Engelhardt and Mathes, 
1977, Hashimoto et al., 1978), PEGs (Engelhardt and Mathes, 1977, 
Plechanov, 1983), polyacrylic acids (Thurman et al., 1982), PSSs (Barth, 
1980, Beckett et al., 1987, Berdén and Berggren, 1990, Chin and Gsch
1991, Chin et al., 1994), and a combination of the above (Peuravuori and 
Pihlaja, 1997).  There has been no general consensus on the best appro
for MW calibration, but perhaps Zhou and co-workers (2000) have provided
the most conclusive analysis.  Here, they demonstrated the variability that 
can be obtained in determination of MWs and MW averages (Mn and
when analysing samples on the same instrument with different columns or 
standards and when analysing samples in different laboratories.  They 
reported that variability of between 10-20 percent could be expected fo
averages.  This becomes critical when analysing samples of similar origins
when variations in MW averages of less than 10 percent could be expected.  
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Zhou et al. (2000) identified two critical conditions that need to be met for 
accurate MW determinations.  First, a need for standards of the same 
molecular type as the analytes, i.e., similar MWs and charge distribution, and
second, efficient data pro
 
cessing of HPSEC chromatograms, including 
aseline corrections and selection of appropriate MW cut-offs for average 
o 
the similarities with aquatic NOM when compared to other available 
acromolecules, however, they also suggested the use of salicylic acid and 
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calculations.  Zhou and co-workers (2000) used PSSs for calibration, due t
m
acetone as low MW standards.  The processing of data is an area that has 
not been extensively covered, however, it was shown to be crucial in 
accurate calculation of MW averages (Zhou et al., 2000).  The MW cuttoff 
was also shown to be a critical factor in determining MW averages for NOM. 
Zhou and co-workers (2000) suggested that a high MW cuttoff at the point 
where the chromatogram returns to <2 % of the maximum chromatogram 
height and a low MW cuttoff of <1 % of the maximum chromatogram
but not less than 50 Da. 
 
1.5.3.3. Organic Carbon Detection for H
 
A major limitation of many current HPSEC methods for determination of the 
MW distribution of aquatic NOM is that UV absorbance is used to determine 
the concentration of DOC in the eluent, while UV detectors are sensitiv
to UV-absorbing species.  This detection method is also not quant
organic carbon because the magnitude of the absorbance is very susceptible
to structural features, rather than to the mass of organic carbon.  Zhou and 
co-workers (2000) investigated the effect of increasing UV detector 
wavelength on the detection response of humic substances.  They found tha
the Mn and Mw values increased with increasing wavelength, making MW 
determinations by this method unreliable. 
 
For these reasons, organic carbon detectors (OCDs) have been devel
for use with HPSEC systems (Huber and Frimmel, 1991, Vogl and Heum
1998, Specht and Frimmel, 2000, Her et al., 2002).  The major ad
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these methods is that the detector signal is directly proportional to the 
concentration of organic carbon in the eluent and, irrespective of 
functionality; any type of organic species can be detected.  Three of the
techniques are base
 four 
d on the UV/wet chemical oxidation method (Huber and 
rimmel, 1991, Huber and Frimmel, 1994, Specht and Frimmel, 2000, Her et 
le of 
the world.  An alternative method for 
detecting organic carbon following HPSEC was developed by Vogl and 
eumann (1998).  This technique employed inductively coupled 
-isotope dilution mass spectrometry (ICP-IDMS) for the quantitative 
etermination of organic carbon.  The method of Vogl and Heumann is 
 an 
s 
F
al., 2002) for quantitative determination of organic carbon.  The princip
these methods is the oxidation of NOM to carbon dioxide and subsequent 
quantitative detection of the carbon dioxide, enabling determination of the 
organic carbon concentration.  Currently, this technology is limited to only a 
few research groups throughout 
H
plasma
d
unique and extremely difficult to replicate and is no longer in operation 
(Heumann, 2003). 
 
Huber and Frimmel (1991) were the first to develop the HPSEC-OCD 
technique.  Their detector is a complicated system based on production of
extremely thin film of sample that is first separated by HPSEC and then fall
under gravity once introduced at the top of the system.  A schematic of the 
system is shown in Figure 1.4.   
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Figure 1.4  Schematic of the thin film OCD system (taken from Huber and Frimmel, 
1991). 
 
The sample to be measured is fed into a continuous flow of very pure water 
uffered with phosphate salts.  This flow enters the upright reactor at its 
rced, 
ing 
b
upper end and flows downward under gravity.  At the lower end, the flow 
leaves the reactor either by reason of hydrostatic pressure differences inside 
and outside the reactor, and/or by means of pumping through a separate 
outlet.  The reactor has two distinct features: the online removal of carbon 
dioxide produced from inorganic carbon (IC), and the mechanism by which 
the flow is spread out as a thin film to improve the oxidation of organic 
carbon to carbon dioxide and removal of carbon dioxide produced from 
solution.  For the removal of IC, nitrogen gas enters the reactor and is fo
after splitting, to flow in opposite directions.  In the upstream direction, the 
nitrogen passes a part of the reactor shielded from the UV lamp and purges 
carbon dioxide from the acidified measuring flow.  The nitrogen/carbon 
dioxide gas mixture leaves the reactor via a small opening at the top carry
carbon dioxide derived from IC.  In the downstream direction, nitrogen gas 
passes the UV-irradiated part of the reactor and purges carbon dioxide 
produced from UV oxidation of non-volatile organic carbon (OC).  The 
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mechanism of oxidation in this downstream section is the unique part of this 
system.  Due to the low penetration depth of UV light in water, the sample is 
spread out as a thin film by action of a spinning cylinder, with Teflon pins 
added to help spread the sample.  This thin film allows the penetration 
light and also improves the removal of carbon dioxide produced from OC
the sample stream.  The flow of nitrogen and carbon dioxide in this 
downstream section is then dried and fed to a non-dispersive infrared 
detector (NDIR) to measure produced carbon dioxide (Huber and
of UV 
 in 
 Frimmel, 
991).  While this reactor is extremely efficient for online measurement of 
 
ince the development of this first organic carbon detection system some 15 
t 
 
y step 
1
OC, there are two issues which arise during its use.  The first arises from the
use of buffer systems containing high concentrations of salts (Specht and 
Frimmel, 2000).  The design of the system means that a build up of salts will 
occur in the thin film reactor, leading to its destruction.  The other issue with 
the thin film reactor is the amount of sample required for analysis.  The 
infrared detector used for this analysis has a sample cell with a volume of 
approximately 20 mL.  As a result of such a large cell, it is necessary to 
make use of a high flow of gas to ensure the sample cell is continually being 
flushed.  This high nitrogen flow rate and large sample cell result in larger 
aquatic NOM sample sizes being required.  The method thus has a high 
detection limit and low sensitivity (Specht and Frimmel, 2000). 
 
S
years ago, there have been two other systems built for detection of OC, after 
separation by HPSEC, using UV oxidation.  Her and co-workers (2002) and 
Specht and Frimmel (2000) developed similar systems using slightly differen
technology to that of Huber and Frimmel (1991).  These two systems, while
different from the thin film instrument of Huber and Frimmel (1991), employ 
the same basic principles for separation of inorganic carbon and organic 
carbon, and oxidation of organic carbon to carbon dioxide.  Her and co-
workers (2002) separate the inorganic carbon after the chromatograph
using a hydrophobic membrane bundle, which allows gas to permeate under 
vacuum, but the aqueous sample is retained for further treatment.  The 
sample is first acidified with orthophosphoric acid to convert IC to carbon 
dioxide gas and then passed through the bundle of hollow fibre membranes 
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(HFM).  These membranes are hydrophobic and thus, retain any water while 
allowing gas to pass through.  The carbon dioxide gas is forced through the 
membrane, due to a negative pressure being applied on the outside of the 
HFM bundle.  After the inorganic carbon removal step, a persulfate soluti
is introduced to aid in the oxidation of OC prior to UV treatment (Her and c
workers, (2002).  The application of UV light to the sample in the method
Her and co-workers (2002b) is slightly different to 
on 
o-
 of 
the thin film method 
mployed by Huber and Frimmel (1991), with the sample being passed 
gh situated directly alongside a low pressure mercury 
ischarge lamp.  This method proved to be equally effective as the thin film 
y 
need to 
 
ct, the commercial conductivity instrument uses a hydrophobic Gortex® 
an 
 
ector.   
graphic separation, inorganic carbon in the eluent is 
onverted into carbon dioxide by the addition of orthophosphoric acid, and 
the 
e
throu  a quartz capillary 
d
reactor for oxidation of OC to carbon dioxide (Her et al., 2002).   
 
The mode of detection of the produced carbon dioxide in the method of Her 
and co-workers (2002) is also different to the technique used by Huber and 
Frimmel (1991).  Her and co-workers (2002) utilise a commercial conductivit
detector to measure the carbon dioxide produced, thus avoiding the 
remove the carbon dioxide from solution.  The drawback however, is that not 
all the carbon dioxide is measured, and therefore sensitivity is lowered.  In
fa
membrane to partition the carbon dioxide between the sample stream and 
ultra pure water stream.  The carbon dioxide diffuses through the membrane
into the ultra pure water stream, and the conductivity is measured up to 
several times per second.  As not all of the carbon dioxide permeates across 
the membrane, detection limits may be higher than with a NDIR det
 
The system developed by Specht et al. (2000) is basically a combination of 
the designs of Her and co-workers (2002) and Huber and Frimmel (1991).  
Following the chromato
c
the acidified mixture purged with nitrogen gas.  This gas/liquid mixture is 
fed to an open chamber where the carbon dioxide derived from IC is allowed 
to escape and the eluent, containing OC, pumped by action of a peristaltic 
pump through the remainder of the system (Specht et al., 2000).  The 
oxidation of organic carbon is performed in the same manner as used by Her 
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and co-workers (Her et al., 2002), where sample is passed through a quartz 
capillary running parallel to a low pressure mercury discharge UV lamp and 
nitrogen added to again purged the OC derived carbon dioxide from 
The carbon dioxide/nitrogen mixture separated by using a cooling module to
“freeze out” the water, and the gas mixture dried before being analysed in a
NDIR detector similar to that used by Huber and Frimmel (1991).  While this 
system overcomes the problem of the high salt concentrations that may 
affect the thin film reactor, the issue of requirement of large sample sizes 
was not overcome.  The large sample cell in the NDIR detector requires 
large volumes of both nitrogen gas and also OC. 
 
1.6. Scope of Study  
 
solution.  
 
n 
he characteristics of NOM are an important consideration in the treatment 
quired 
 
hat different treatment methods preferentially remove different size 
actions of NOM.  Thus, methods of determining the MW distribution of NOM 
 
te and 
 
T
of natural waters.  The presence of NOM in groundwater and surface water 
sources used for drinking water leads to a number of problems necessitating 
treatment of these sources prior to distribution.  As well, disinfection re
to achieve microbiologically safe water results in the formation of a number 
of disinfection by-products, due to reactions between NOM and the 
disinfectant.  For these reasons, it is important to investigate the structure of 
NOM and to develop new methods for NOM structural characterisation.   
 
The MW distribution is an important characteristic of NOM, as it has been
shown t
fr
are important from a treatment perspective.  Chapter 2 of this thesis focuses
on the development of an HPSEC analytical method for accurately 
determining the MW distribution of NOM.  Several parameters were 
investigated for optimisation of separation of NOM components in HPSEC.  
These parameters were eluent composition, injection volume, flow ra
sample ionic strength. 
 
An investigation of the two different treatment streams at the Wanneroo 
GWTP in terms of their MW characteristics was conducted and is reported in
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Chapter 3.  The Wanneroo GWTP is of particular interest as it inclu
world’s first large scale 
des the 
MIEX® treatment process, and the configuration of 
e plant allows comparison of MIEX® treatment followed by coagulation with 
e 
f MW 
 of 
s used 
 OCD, 
 to the 
ods.  
removal during different stages of the 
treatment process was obtained, as well as the superior overall MW 
information obtained with an on-line OCD system. 
 
The attractiveness of OCD in HPSEC analysis, as a system which can detect 
all NOM in a sample, as well as provide concentrations of organic carbon in 
each MW fraction, prompted the development of an OCD system.  In 
Chapter 4, the construction of an OCD is described and each section of the 
detector outlined.  These sections include inorganic carbon removal and 
dosing of reagents; the oxidation of organic carbon and subsequent removal 
of produced carbon dioxide from solution; the detection of the carbon dioxide 
for concentration determination; and the calibration of the system to achieve 
accurate DOC concentrations for an entire sample, as well as individual 
peaks. 
 
While the analytical determination of the MW distribution of aquatic NOM is 
valuable in terms of its likely behaviour in water treatment, this technique 
does not give any information about the NOM structure.  In Chapter 5, 
HPSEC is used in a preparative mode to collect discrete MW fractions of a 
sample of groundwater from the Gnangara mound.  The method for 
collecting nine MW fractions is described, as well as information on the 
th
enhanced coagulation on identical inlet water.  The MW distribution of NOM 
at various points in these two treatment streams was investigated with thre
HPSEC techniques.  These techniques included HPSEC with UV254 
detection, using an analytical scale column for maximum resolution o
peaks, and HPSEC with OCD and UV254 detection, utilising a larger scale 
column achieving slightly lower peak resolution, but having the advantage
detecting all NOM present with the OCD system.  These two method
virtually identical mobile phases.  The third HPSEC method involved
UV254 and fluorescence detection, with a column of similar dimensions
second method, but with a different mobile phase to the first two meth
Significant information on NOM 
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character of the organic matter isolated in each fraction.  The isolated MW 
fractions were then treated with chlorine and the formation of disinfection by-
roducts measured.  This body of information allowed structural features of 
tion to be identified and correlated with 
isinfection behaviour. 
 
n, 
d to 
p
organic matter in each frac
d
 
Chapter 6 of this Thesis describes the isolation and characterisation of NOM
from four stages of the Wanneroo GWTP.  Water samples after aeratio
following MIEX® treatment, after MIEX® and coagulation treatment, and 
following enhanced coagulation were collected.  The samples were 
concentrated, inorganic material was removed and the samples lyophilise
obtain solid isolates.  Solid isolates where analysed using solid state 13C 
NMR spectroscopy, Py-GC-MS, and FTIR spectroscopy as well as 
investigating the MW distribution, DOC content other water quality 
parameters of the dilute solutions prior to isolation.  It was found that 
treatment removed aromatic material leaving a greater proportion of 
hydrophilic oxygenated carbon.
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2. HIGH PRESSURE SIZE EXCLUSION CHROMATOGRAPHY 
METHOD DEVELOPMENT 
 
2.1. Introduction 
 
In high pressure size exclusion chromatography (HPSEC), the quality of 
chromatography may be influenced by mobile phase composition and pH, 
flow rate, injection volume and sample pre-treatment.  It is important, 
therefore, to optimise these parameters.  In certain cases, non-ideal filtratio
mechanisms can have a substantial influence on HPSEC chromatograph
performance.  The most important of these interactions are hydrophobic 
interactions, ion exchange, ion exclusion and intramolecular electrostatic 
repulsive interactions (Berdén and Berggren, 1990, Chin and Gschwend, 
1991, Specht and Frimmel, 2000).  At high ionic strengths, hydrophobic 
interactions will prevail, and at low ionic strengths, electrostatic interactions 
dominate (Mori and Barth, 1999).  Opinion on the ideal mobile phase 
composition seems mixed, with some researchers proposing a mobile phase
ionic strength of between 0 and 0.04 mol L
the 
n 
ic 
 
 
ase pH, 
le 
t 
ative 
-1 (Huber and Frimmel, 1991,
Hongve et al., 1996, Peuravuori and Pihlaja, 1997), whilst others favour an 
ionic strength of 0.1 mol L-1 or above (Mori et al., 1987, Chin et al., 1994).  
Berdén and Berggren (1990) investigated the effect of increasing mobile 
phase concentration and ionic strength, as well as different mobile ph
on HPSEC chromatographic performance.  Using a TSK G2000 SWXL silica 
based column, the mobile phase pH was altered by using either sodium 
nitrate (pH 6.0) or ammonium acetate/sodium nitrate (1:3, pH 7.0) and ionic 
strengths adjusted to 0.05, 0.10, 0.15 and 0.2 mol L-1.  Resolution of the 
humic acid solution investigated was poor for all conditions tested.  However, 
at high ionic strength, retention volumes increased markedly and irreversib
adsorption on the surface of the stationary phase also increased, and this 
phenomenon was more pronounced at a lower pH.  The authors stated tha
the ionised acid groups (COO-) of humic molecules and the residual neg
charge of the silica based stationary phase may result in exclusion effects, 
increasing the retention volume.  They also suggested that, with increasing 
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ionic strength, sample adsorption on the stationary phase may become 
problematic (Berdén and Berggren, 1990). 
 
Chin and Gschwend (1991) also investigated the effect of ionic strength on 
PSEC chromatographic performance using a Waters 300SW silica based 
on, 
 
e 
and 
tely 
s 
 
ion 
 
te 
etate 
ionary 
. 
 humic acid sample to achieve similar separation to that of 
euravuori and Pihlaja (1997) using a 10 mmol L-1 sodium acetate solution 
H
HPSEC column.  They found that the ionic strength of the mobile phase 
needed to be above a pre-determined critical value, which they termed the 
critical ionic strength (CIS).  Values below this CIS resulted in ion exclusi
caused by the residual negative charge of the silica stationary phase and 
negative regions of humic materials which resulted in exclusion from the 
pores of the stationary phase.  The result was retention volumes greater than
what would be expected by the molecular weight (MW) of the sample.  Th
effect of adsorption of the analyte on the stationary phase due to high ionic 
strengths was not addressed (Chin and Gschwend, 1991).  Peuravuori 
Pihlaja (1997) investigated several mobile phase compositions with varying 
ionic strengths using a TSK G3000SW silica based column.  Their study 
showed poor chromatographic resolution of a humic acid solution using a 1 
mmol L-1 phosphate buffer and a 1 mmol L-1 phosphate buffer with 100 
mmol L-1 sodium chloride added to adjust the ionic strength to approxima
0.1 mol L-1.  At the lowest ionic strength (1 mmol L-1), ion exclusion effects 
were apparently too great to allow the humic material to permeate the pore
of the stationary phase, resulting in poor resolution of peaks and low 
retention volumes.  Increasing the ionic strength with the addition of sodium
chloride increased the elution volume due to the reduction of ion exclus
but resulted in little if any improvement in the chromatographic resolution.  A
20 mmol L-1 phosphate buffer was also tested and resolution was slightly 
improved, but not to the same extent as when a 10 mmol L-1 sodium aceta
solution was utilised.  According to Peuravuori and Pihlaja (1997), the ion 
exclusion effect was sufficiently minimised with a 10 mmol L-1 sodium ac
mobile phase to allow the sample to permeate the pores of the stat
phase.  The authors acknowledged, however, the work of Becher et al
(1985), who used a 20 mmol L-1 phosphate buffer as the mobile phase on a 
different isolated
P
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for the separation their isolated humic acid sample.  Similarly, Huber and 
Frimmel (1994, 1996) obtained well resolved chromatograms using a 
28 mmol L-1 phosphate buffer as the mobile phase when studying a surface 
water derived humic acid. 
 
The effect of flow rate on HPSEC chromatographic performance was studied 
by Cooper et al. (1973), who investigated polystyrene elution parameters at 
flow rates between 0.21 and 1.05 mL min-1 using tetrahydrofuran as the 
mobile phase.  The authors found that that elution volumes and num
theoretical plates remained constant over a range of polystyrene MWs at the 
flow rates tested (Cooper et al., 1973).  However, Mori (1977) demonstrated
an increase in the number of theoretical plates of a high MW polystyrene 
standard (MW 200 000 Da) with decreasing
ber of 
 
 flow rate when using toluene as 
e mobile phase.  Mori and Barth (1999) also reported an increase in 
tion 
n 
phase 
 
th
retention volumes with increasing flow rate, and an improvement in resolu
with lower flow rates, due possibly to the increased time the sample was in 
contact with the stationary phase.  Similarly, Cheng and Hollis (1987), using 
dichloromethane as the mobile phase in a study of polystyrene, noted that a
increase in flow rate resulted in a reduction in the number of theoretical 
plates and an increase in retention volumes, but stated that in practice the 
effects were insignificant.  The effect of flow rate in aqueous HPSEC was 
investigated by Ricker and Sandoval (1996) using phosphate salts as the 
mobile phase when studying water soluble proteins.  Here, increasing flow 
rate was shown to reduce peak resolution, due apparently to the slow 
diffusion rates of polymers into the stationary phase and hence a reduced 
time for interaction between the sample and particles of the stationary 
(Ricker and Sandoval, 1996).  Also, a study by Saito and Hayano (1979) 
showed that flow rate actually had no effect on the resolution of humic or 
fulvic acids extracted from marine sediments.  However, unlike the size 
exclusion separation of polymers of known MW, humic material is 
macromolecular and thus small increases in resolution or changes in 
retention volume may not be noticeable when considering the separation of
such materials. 
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The retention volume of a sample studied in HPSEC will increase as th
injection volume increases (Mori, 1977).  At the same time, the number of 
theoretical plates decreases as the injection volume increases as a result of 
band broadening (Mori, 1977).  Ricker and Sandoval (1996) also inves
injection volume effects on the
e 
tigated 
 resolution of water soluble proteins using 
hosphate salts as the mobile phase.  They observed a loss of resolution as 
n ased, due to band broadening, however, the effect 
as minimal from injection volumes of 2 µL to 200 µL.  The authors also 
n 
 
he importance of matching the ionic strength of the sample and mobile 
eported by Chin and Gschwend (1991).  In their 
, they demonstrated that a lower sample ionic strength 
ompared to the mobile phase ionic strength allowed the humic material to 
r to 
d 
arlier 
he 
ent had 
ume of the 
ater in 
f 
 
diffusing into the pores of the stationary phase and thus they would elute at a 
p
injectio  volume was incre
w
noted that it was in fact the volume of sample injected and not the 
concentration of sample which was responsible for the loss of resolution, and 
an increase in sample concentration, while maintaining a constant injectio
volume, should maintain resolution until the viscosity of the sample increased
significantly (Ricker and Sandoval, 1996). 
 
T
phase in HPSEC was first r
study of humic acids
c
‘uncoil’ and increase its hydrodynamic volume and, as a result, appea
have a larger MW than in fact was the case.  This phenomenon prevente
the humic material permeating into the pores of the stationary phase to the 
degree predicted by its MW and hence the humic material eluted at an e
retention volume (Chin and Gschwend, 1991).  A similar study by Specht and 
Frimmel (2000) investigated the chromatographic behaviour of a highly 
coloured surface water sample without the matching of sample and mobile 
phase ionic strength.  In their study, a sharp peak at what the authors 
referred to as the ‘salt boundary’ was shown.  The salt boundary was at t
point of the chromatogram where the lower ionic strength sample solv
moved through the stationary phase, eluting at the permeation vol
column.  At this point, the lower ionic strength of the sample solvent, w
the case of this study, was not able to counter the residual negative charge o
the stationary phase, and hence electrostatic ion exclusion would occur at 
this point of the chromatogram.  This process would prevent molecules from
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point earlier than would be expected by their MW.  In fact, all low MW 
charged components should elute at the salt boundary.  The matching of
mobile phase a
 the 
nd sample ionic strength was advocated, therefore, to achieve 
ccurate MW determinations of the low MW portion of humic material 
.1.1. Scope of Study 
EC 
 of 
 
lowing 
our litre glass Winchesters for sampling were cleaned by soaking in 
r and then 
eating at 550 °C for 12 hours.  A water sample (8 L) was collected in two 4 L 
.  
gh a 
insed 
h of the 
 
phase.  In each case, a stock solution of mobile phase was prepared at 10 
a
(Specht and Frimmel, 2000). 
 
2
 
The objective of the work in this Chapter was the optimisation of an HPS
method for the MW characterisation of NOM.  The chromatographic effect
mobile phase composition, sample ionic strength, flow rate and injection
volume were tested and optimised for a groundwater sample taken fol
aeration at the Wanneroo GWTP.  These conditions were then used in the 
studies reported in the remainder of this Thesis. 
 
2.2. Experimental 
2.2.1. Samples 
 
F
Pyroneg® detergent for 24 hours, rinsing with deionised wate
h
glass Winchesters from a sampling point after the aeration stage at the 
Wanneroo GWTP.  Samples were stored in the dark at 4 °C prior to analysis
Sub-samples of this sample were used throughout the HPSEC method 
development phase of the study.  Each sub-sample was filtered throu
0.45 µm nylon membrane (Pall Acrodisc), which had previously been r
with purified laboratory water (500 mL, this volume has previously been 
found sufficient to remove residual DOC from this type of membrane 
(Alessandrino et al., 2006)) and sample water (40 mL).  For work 
investigating the sample ionic strength, just prior to analysis, the ionic 
strength of each sub-sample was adjusted to equal the ionic strengt
mobile phase by diluting the sample with an aliquot of concentrated mobile
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times its usual concentration, and 1 mL of this was added to 9 mL of sample 
so that the ionic strength of the injected sub-sample equalled that of the 
obile phase. 
Material
2.2.2.1. Purified L
 
Pu d la  wa gh 
Ibi reverse osmos  comprised a er, 
followed by a  ed-bed ion exchange 
purification p n passed through  
reverse osmosis membrane and the permeate water stored in a 60 L 
olypropylene tank.  Water from the storage tank was then fed to a Purelab 
 
tration 
in this Thesis. 
 
omatography 
Wxl 
1 mL min-1 for most experiments, except for those evaluating the effect of 
m
 
2.2.2. s and Methods 
aboratory Water 
rifie boratory ater was obtained by p ssing tapw a
is system.  The system
ter first throu an 
s®  5 µm pre-filt
n activated charcoal filter, and two mix
acks in series.  Product water was the  a
p
Ultra Analytic purification system (Elga, UK), comprising microfiltration, mixed 
bed ion-exchange and final UV disinfection, as required, producing water with
a conductivity of 18.2 MΩ cm-1 and a dissolved organic carbon concen
of 1 µg L-1.  This high purity water is referred to as “purified laboratory water” 
2.2.2.2. High Pressure Size Exclusion Chr
 
HPSEC was performed using a macroporous silica based TSK G3000S
(7.8 x 300 mm, particle size 5 µm, pore size 250 Ǻ; Tosoh BioSep, Japan).  
The HPLC instrumentation used was a Hewlett Packard Model 1090 Series II 
equipped with a filter photometric UV detector (FPD) allowing only a 
wavelength of 254 nm to pass.  The mobile phases tested, their ionic 
strength (µ) and pH are listed in Table 2.1; all chemicals were AR grade 
(Sigma-Aldrich).  Samples were injected manually using a Rheodyne 7125 
6-port injection valve.  Typically, a 100 µL sample loop was utilised.  For 
experiments where the effects of injection volume were tested, the sample 
The mobile phase flow rate was loop was exchanged as required.  
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flow rate, where flow rate was altered as needed.  HP Chemstation software 
was used for data analysis of the FPD signal. 
 
Table 2.1  Tested mobile phase composition, ionic strength and pH. 
Mobile 
phase Mobile phase Composition 
Ionic 
Strength (µ) pH 
A Purified laboratory water 0 mmol L-1 7.2 
B 10 mmol L-1 CH3COONa 10 mmol L-1 8.0 
C 5 mmol L-1 Na2HPO4 + 5 mmol L-1 KH2PO4 20 mmol L-1 6.9 
D 5 mmol L
-1 Na2HPO4 + 5 mmol L-1 KH2PO4 
+ 26 mmol L-1 Na2SO4
100 mmol L-1 6.8 
E 10 mmol L
-1 Na2HPO4 + 10 mmol L-1 
KH2PO4
40 mmol L-1 6.8 
F 10 mmol L
-1 Na2HPO4 + 10 mmol L-1 
KH2PO4 + 20 mmol L-1 Na2SO4
100 mmol L-1 6.9 
 
The void volume (V0) (5.5 mL) and total permeation volume (Vp) (13.3 mL) o
the column were determined using Dextran blue (MW 200 kDa) and ac
(MW 58.1 Da), respectively.  Elution parameters were calculated as a
distribution coefficient (K
f 
etone 
 
d’) (Peuravuori and Pihlaja, 1997)  
( )( )0p 0ed VV
VV
'K −
−=  2.1 
where Ve is the elution volume of the solute. 
 
The column system was calibrated with polystyrene sulphonate (PSS) 
standards (840, 4 400, 6 530, 15 200, 35 300 and 81 800 Da; Polymer 
cientific Services, USA) in order to estimate the molecular weight averages 
a, 
S
(Appendix 1).  A series of other compounds with a range of different 
functional groups were used to confirm the PSS based calibration (trypan 
blue 960 Da, cyanocobalamin (vitamin B12) 1355 Da, tannic acid 1 701 D
ribonuclease A 13 700 Da and albumin 66 000 Da; Sigma-Aldrich).  The 
calibration standards and other compounds used for testing were dissolved in 
the mobile phase (10 mg L-1).  The calibration curve was linear (R2=0.977) 
over the MW range tested (Appendix 1).   
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2.3. Results and Discussion 
2.3.1. Effect of the Mobile Phase Composition on HPSEC Performa
 
The chromatographic performance in HPSEC is highly dependent on the 
properties of both the mobile phase and the stationary phase (Peuravuori 
and Pihlaja, 1997).  This is primarily due to intera
nce 
ctions other than size 
xclusion, such as adsorption, hydrophobic interactions, ion exclusion, ion 
s et 
hase, 
 type, concentration and ionic strength of the 
mobile phase and the difference in io ic strength between the sample and
size 
i and 
e, acetate or phosphate, amongst others, have been 
sed as the mobile phase (Huber and Frimmel, 1991, Chin et al., 1994, 
al 
ile phases (purified laboratory water: mobile phase
mmol L-1 sodium acetate: mobile phase B; 10 mmol L-1 phosphate buffer: 
mobile phase ffer with 26 mm  sodium 
sulfa ate bu o a
E; a -1 sodium sulfate added: 
mobile phase F he chromatograph rfo ce
HP plied M le
2.2).  This colum atively low adsorp ha ris
nd a well-defined pore-size distribution, which should enhance separation 
efficiency (Peuravuori and Pihlaja, 1997, Conte and Piccolo, 1999), and its 
e
exchange and intermolecular electrostatic repulsion interactions (Robard
al., 1994, Peuravuori and Pihlaja, 1997, Zhou et al., 2000).  Clearly, a 
complex variety of interactions can occur between solute and mobile phase, 
solute and staionary phase or between mobile phase and stationary p
and, therefore, the retention time of a given analyte is highly dependent on 
the type of stationary phase, the
n  
the mobile phase (Mori et al., 1987, Robards et al., 1994, Specht and 
Frimmel, 2000, Her et al., 2002b).  Choice of a mobile phase with an 
appropriate ionic strength is particularly important for minimising non-
exclusion interactions between analyte and stationary phase (Peuravuor
Pihlaja, 1997).  For the analysis of aquatic NOM, aqueous mobile phases 
containing sodium azid
u
Peuravuori and Pihlaja, 1997); however, there does not seem to be a gener
consensus on the ideal mobile phase for this application. 
 
Six different mob  A; 10 
 C; 10 mmol L-1 phosphate bu ol L-1
te add : m phosphed mobile phase D; 20 m ol L-1 ffer: m bile ph se 
nd 20 mmol L-1 phosphate buffer with 20 mmol L
) were selected to study t ic pe rman  of 
SEC using TSK G3000 SW  HP EC column apa xL S
n is reported to have rel
 to NO  (Tab  
tion c racte tics 
a
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performance in the separation of humic substances has been reported to 
superior to that of comparable columns (Myllykangas et al., 2002).  The 
mobile phases listed were chosen to compare both high and low ionic 
strength systems, as well as the difference between sodium acetate, w
according to at least one report (Peuravuori and Pihlaja, 1997) is superior in 
the separation of NOM, and phosphate buffers. 
 
To measure the column efficiency or resolving power for the six mobile 
phases investigated in this work, the number of theoretical plates, N, wa
calculated using equation 2.2 and tested on a PSS standard (MW 6530 Da).  
PSS was chosen due to its narrow MW distribution and hence likely 
separation of a single peak using the HPSEC conditions chosen, simplify
theoretical plates calculations. 
be 
hich 
s 
ing 
2
2/1
R
w
t
545.5N ⎟⎟⎠
⎞
⎜⎜⎝
⎛=  2.2
where t
 
e 
 
lf 
ases 
 
N 
R is the distance of the peak maximum from the point of injection in 
minutes, and w1/2 is the width of the peak at half height in minutes (Scott, 
1976).  Table 2.2 lists the values required to calculate the number of 
theoretical plates, as well as the number itself.  Chromatograms for th
polystyrene sulphonate standard using each of the six mobile phases are
shown in Appendix 2. 
 
Table 2.2  Distance of peak maximum from point of injection (tR), peak width at ha
height (w1/2) and calculated number of theoretical plates (N) for the six mobile ph
tested using a Tosoh TSK G3000SWxl column.  Injection volume was 100 µL and 
mobile phase flow was 1 mL min-1.  Sample ionic strength was adjusted to equal the 
mobile phase by adding a concentrated solution of the mobile phase to the sample 
prior to analysis. 
Mobile phase tR (min) 
W1/2 
(min) 
Purified laboratory water (A) 5.84 1.05 172 
10 mmol L-1 sodium acetate (B) 6.43 0.52 847 
5 mmol L-1 KH2PO4 + 5 mmol L-1 Na2HPO4 (C) 7.18 0.68 618 
5 mmol L-1M KH2PO4 + 5 mmol L-1 Na2HPO  + 
26 mmol L
4 9.51 1.04 463 -1 Na2SO4 (D) 
10 mmol L-1 KH2PO4 + 10 mmol L-1 Na2HPO4 (E) 8.32 0.79 615 
10 mmol L  KH-1 -1 459 2PO4 + 10 mmol L  Na2HPO4 + 20 mmol L-1 Na2SO4 (F) 
9.55 1.05 
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Purified laboratory water (mobile phase A), with the lowest ionic strength
produced the lowest theoretical plate value (Table 2.2).  The distance of the 
peak maximum from the point of injection was the shortest of all the mobile 
phases.  This is most likely a result of residual negative charge on the 
stationary phase surface.  In solution, the PSS standard will have an ov
negative charge and, if there is a residual negative charge on the stationary 
phase, the charge exclusion will result in an earlier retention time and, hence, 
a lower number of theoretical plates.  In purified laboratory water, the residual 
negative charge on the stationary phase can not be offset, however, a 
buffered mobile phase can offset this charge.  Sodium acetate (10 mmol L
 
erall 
-1; 
s, 
 of tR for sodium acetate 
as slightly higher than purified laboratory water, but shorter than the 
te, 
onates and have similar hydrodynamic properties (Beckett 
t al., 1987, Berdén and Berggren, 1990), the results of Peuravuori and 
mobile phase B) was found to have the highest number of theoretical plate
even though this mobile phase had an ionic strength lower than the four 
phosphate buffers under investigation.  The value
w
phosphate buffers tested.  The peak width at half height for sodium aceta
however, was narrower than for all the other mobile phases tested, resulting 
in the highest number of theoretical plates.  The comparison of these eluents 
with regard to the calculation of theoretical plates does not appear to be 
addressed in the literature when studying polystyrene sulphonates.  
However, Peuravuori and Pihlaja (1997) stated that when using sodium 
acetate as a mobile phase, charged humic materials were able to permeate 
the pores of the stationary phase being unhindered by charge exclusion 
effects, and that sample resolution was superior to other mobile phases 
tested, including phosphate buffers of 1 mmol L-1, 20 mmol L-1 and 100 
mmol L-1.  Since humic substances have been found to behave similarly to 
polystyrene sulph
e
Pihlaja (1997) can be applied to explain the observations of the current study.  
Thus, for sodium acetate, the reduction of charge exclusion, enabling 
increased sampling of the total pore volume, may be the reason for the 
greater number of theoretical plates observed. 
 
Surprisingly, the 10 mmol L-1 and 20 mmol L-1 phosphate buffers (mobile 
phases C and E, respectively) had almost identical numbers of theoretical 
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plates.  The elution parameters for the two mobile phases were slightly 
different, with the 10 mmol L-1 phosphate buffer resulting in a tR of 7.18 min 
compared to the 20 mmol L-1 phosphate buffer with a tR of 8.32 min.  The
results are consistent with literature reports that reducing mobile phase ionic 
strength reduces the elution volume of a given substance (Berdén and 
Berggren, 1990, Chin and Gschwend, 1991, Peuravuori and Pihlaja, 1997), 
since the 20 mmol L
se 
.  
lly 
r 
l L-1 
 
of the 
 very similar values (463 and 459).  Peak broadening 
pon addition of the sodium sulfate was significant for these two mobile 
ases D 
nd 
ate 
d 
 
e phase A) was shown to be unsuitable for MW determinations in 
HPSEC.  The charge exclusion experienced without added charge imparted 
by ions in the mobile phase resulted in the negatively charged PSS likely 
being excluded from the pore space of the stationary phase and hence 
insufficient separation was achieved.  Sodium acetate (10 mmol L-1; mobile 
phase B) performed best as a mobile phase for the study of PSS.  The ionic 
-1 phosphate buffer had an ionic strength of 40 mmol L-1, 
while the 10 mmol L-1 phosphate buffer had an ionic strength of 20 mmol L-1
While a reduction by half of the ionic strength resulted in a reduction in 
elution time of 1.14 min, it also resulted in an increase in w  of 0.11 min, 
with the overall effect that the number of theoretical plates was practica
identical for the two mobile phases (618 for the 10 mmol L
1/2
-1 phosphate buffe
and 615 for the 20 mmol L-1 phosphate buffer).  
 
Increasing the ionic strength of each of the 10 mmol L-1 and 20 mmo
phosphate buffers to 100 mmol L-1 with the addition of sodium sulfate (mobile
phases D and F, respectively) reduced the number of theoretical plates 
original buffers, again to
u
phases, with w1/2 values of 1.04 and 1.05 minutes for the mobile ph
and F, respectively, compared to 0.68 and 0.79 for the mobile phases C a
E, respectively.  While increasing the ionic strength of the original phosph
mobile phases did result in increased elution volumes (tR), the concurrent 
peak widening was so significant that the theoretical plate values of the 
higher ionic strength mobile phases D and F decreased, compared to C an
E, respectively.  
 
From the calculation of theoretical plates for these six mobile phases, purified
water (mobil
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strength of sodium acetate was sufficient to allow the PSS to permeate into 
the pore space of the stationary phase and be separated as a narrow peak in 
the chromatogram.  However, for reasons that will be discussed below, 
sodium acetate was not used in the remainder of this Thesis.  Briefly, organic 
carbon detection is not possible with the use of this organic salt as mobile 
phase and issues arise with loss of sample on to the stationary phase with its 
use in the study of NOM.  The use of either a 10 mmol L-1 phosphate buffer 
or 20 mmol L-1 phosphate buffer (mobile phases C and E, respectively) as 
the mobile phase also performed well and resulted in a high number of 
theoretical plates, again likely as a result of sufficient charge in the mobile 
phase to negate the residual negative charge of the stationary phase.  
Increasing the ionic strength to 100 mmol L-1 through the addition of sodium 
sulphate (mobile phases D and F, respectively), as suggested (Chin and 
Gschwend, 1991), resulted in significant peak broadening and hence 
increased numbers of theoretical plates.  This is possibly a result of 
adsorption onto the stationary phase, but, in any case, it would appear that, 
at this ionic strength, resolution would be lost in the study of a complex 
mixture such as NOM. 
 
The effect of the six different mobile phases on the size exclusion 
chromatography of a solution of natural organic matter in water was then 
investigated.  A sample of raw water following aeration at the Wanneroo 
GWTP was subjected to HPSEC-UV254 using the six different mobile phases 
(A-F, Table 2.1) and the resulting chromatograms are presented in Figure 
2.1.  Identical conditions to those used in the determination of theoretica
nic
l 
plates with a PSS standard where employed in this study with sample io  
strength being matched to that of the mobile phase by addition of a 
concentrated solution of the particular mobile phase to the sample just prior 
to analysis. 
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Figure 2.1  Influence of mobile phase on the HPSEC of aquatic NOM a) purified 
laboratory water (mobile phase A), b) 10 mmol L-1 sodium acetate (B), c) 10 mmol 
phosphate buffer (C), d) 10 mmol L
L-1 
 (µ 
the 
phase.  A noticeable feature of the chromatograms in Figure 2.1a-f is that the 
-1 phosphate buffer + 26 mmol L-1 sodium sulfate
= 100 mmol L-1 (D)), e) 20 mmol L-1 phosphate buffer (E), f) 20 mmol L-1 phosphate 
buffer + 20 mmol L-1 sodium sulfate (µ = 100 mmol L-1 (F)).  Injection volume was 100 
µL, flow rate 1 mL min-1 and sample ionic strength adjusted to match that of the 
mobile phase. 
 
Changes in the concentration and ionic strength of the mobile phases 
markedly affected the elution behaviour of the UV254-active substances in 
sample, as predicted by the calculation of theoretical plates for each mobile 
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area of the first peak, having an elution volume of approximately 5 - 6
changed considerably with changes in mobile phase ionic strength and 
concentration.  This peak eluted at the void volume, V
 mL, 
e 
-6 
bile 
um 
0 (Section 2.2.2.2), of 
the column, indicating that the material represented by this peak had not 
been subjected to any size exclusion effects (i.e. it was excluded from th
pores of the stationary phase).  The area of the first peak (elution volume 5
mL), the area of the remaining group of peaks (termed 2nd peak group) and 
the total peak area of the whole chromatogram for the six different mo
phases are presented in Figure 2.2. 
 
10
12
s
 
Figure 2.2  Comparison of total peak area, area of peak eluting at V0 (1st peak) and s
of the area of peaks eluting after V0 (2nd peak group) for six mobile phases tested; 
purified laboratory water (mobile phase A), 10 mmol L-1 sodium acetate (B), 10 
mmol L-1 phosphate buffer (C), 10 mmol L-1 + 26 mmol L-1 sodium sulfate (µ = 100 
mmol L-1) (D), 20 mmol L-1 phosphate buffer (E), 20 mmol L-1 + 20 mmol L-1 sodium 
sulfate (µ = 100 mmol L-1) (F).  Areas taken from chromatograms in Figure 2.1. 
 
The area of the first peak gives an indication of the relative proportion of 
UV254-active substances that were excluded from the stationary phase and, 
hence, indicates the effect of ionic strength on the size exclusion process.  
The chromatograms in Figure 2.1 and peak areas in Figure 2.2 show that 
altering the ionic strength of the mobile phase changed not only the elution 
volume of aquatic NOM components, but also changed the effective pore 
size of the stationary phase.  In the case where purified laboratory water was 
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used as the mobile phase (Figure 2.1a, mobile phase A), i.e. at the lowest 
ionic strength, the peak at V0 (the group of peaks here are considered one 
eak for the purpose of this experiment since they all elute at or close to V0) 
 
the 
nic 
ctive 
lling 
d 
aterial eluting at Vo, indicating less charge exclusion 
ccurring, however, the total amount of UV254-active DOC detected was also 
n and 
 
r as 
nd 
a higher phosphate buffer concentration of 20 mmol L-1 (mobile phase E, 
p
was considerably larger than when phosphate and acetate buffers were 
used.  This indicates that, when purified laboratory water was used as the
mobile phase (mobile phase A), more of the sample was excluded from 
pores of the stationary phase than when the mobile phase had a higher io
strength.  These observations compliment the chromatogram for aquatic 
NOM in Figure 2.1a where all UV254-active material eluted at or close to Vo.  
This is likely to be due to the charge exclusion effect, where the effe
pore size was reduced, due to negative charges in the aquatic NOM repe
the residual negative charge on the surface of the stationary phase.  
Increasing the ionic strength to 20 mmol L-1 or 40 mmol L-1 using phosphate 
buffers (mobile phases C and E, respectively) reduced the area of the peak 
at V0 and hence increased the size of the 2nd group of peaks, indicating a 
greater proportion of sample had permeated the pores of the stationary 
phase.  Increasing the ionic strength to 100 mmol L-1 for the two different 
phosphate buffer concentrations (mobile phases D and F) actually decrease
the amount of m
o
slightly reduced.  This may possibly be due to increasing sorption of 
UV254-active DOC onto the stationary phase with the overall increase in 
charge in these two buffer systems as observed in the work of (Berdé
Berggren, 1990). 
 
The effect of mobile phase on the separation of UV254-active DOC is also
apparent from the chromatograms in Figure 2.1.  Purified laboratory wate
the mobile phase (mobile phase A) resulted in virtually the entire sample 
being excluded from the column (Figure 2.1a).  Using a 10 mmol L-1 
phosphate buffer as the mobile phase (mobile phase C, Figure 2.1c) 
produced excellent separation of UV254-active DOC.  The 2nd group of peaks 
in this case was spread over an elution volume of approximately 5 mL, a
the peaks were more clearly resolved than with the other mobile phases.  At 
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Figure 2.1e), the elution volume of the 2nd group of peaks was reduced to 
approximately 4 mL, with decreased resolution of peaks.  The advantage of 
e 20 mmol L-1 phosphate buffer (mobile phase E) over the 10 mmol L-1 
e amount of 
excluded material.  The total amount of measured UV254-active material was 
irtually equal for the 10 mmol L-1 and 20 mmol L-1 phosphate buffer mobile 
 of 
254 
 
 
f 
obile phase B (Figure 2.1b; 10 mmol L-1 sodium acetate) and mobile phase 
t of 
 
ot 
, 
water 
th
phosphate buffer (mobile phase C), however, was in relation to th
v
phases (10.6 units and 10.5 units, respectively), however, the excluded 
fraction decreased from 2.60 units to 2.29 units, respectively.  The addition
sodium sulfate to the two phosphate buffered mobile phases (mobile phases 
D and F, Figure 2.1d and Figure 2.1f) reduced the amount of excluded UV
- active DOC, but the resolution of the 2  group of peaks was severely 
affected and the elution volume of this fraction was unfavourably reduced to
approximately 2 mL in each case. 
 
Previous research (Peuravuori and Pihlaja, 1997, Myllykangas et al., 2002)
has shown that the use of a 10 mmol L  acetate buffer (mobile phase B, 
Figure 2.1b) can reduce intermolecular electrostatic repulsion and also 
minimise adsorption effects, and that excellent resolution is obtained for 
humic and fulvic acids. Comparison of the similar chromatograms from use o
nd
-1
m
C (Figure 2.1c; 10 mmol L-1 phosphate buffer) shows only a minor 
improvement in the resolution of the 2nd group of peaks.  Also, while the 
amount of excluded material is less for mobile phase B, the total amoun
material detected is also less.  This observation is counter to what has been 
found in the literature (Peuravuori and Pihlaja, 1997), as lower ionic strengths
should result in more ion exclusion.  However, as this mobile phase was n
to be used in further studies due to its incompatibility with organic carbon 
specific detectors this phenomenon was not further investigated.  Possibly
this loss of material could be sample specific but further experiments were 
not conducted.  
 
Results of theoretical plate experiments, as well as testing of a natural 
sample, indicated that use of a 10 mmol L-1 phosphate buffer (mobile phase 
C) resulted in resolution of NOM to a similar extent as the previously 
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favoured 10 mmol L-1 sodium acetate mobile phase (mobile phase B), but 
due to ion exclusion effects, a significant portion of material was excluded 
from the pore space of the stationary phase.  As a result, a 20 mmol L-1 
phosphate buffer (mobile phase E) was chosen as the mobile phase for 
future study, since the resolution achieved with this mobile phase was only 
marginally less that that achieved with the 10 mmol L-1 phosphate buffer and 
the 20 mmol L-1 phosphate buffer resulted in inclusion of a larger portion of 
the sample into the pore space of the stationary phase.  Increasing the ionic 
strength of the mobile phase to 100 mmol L-1 (mobile phases D and F) 
resulted in less charge exclusion, but at the cost of sample resolution, and so 
was discounted as a practical option for the chromatographic system being 
used. 
 
2.3.2. Effect of the Ionic Strength of the Sample on HPSEC 
Performance 
 
The interactions of the chosen mobile phase with the analytes and with the 
stationary phase are very important with regard to HPSEC performance.  
xample, Specht and Frimmel (2000) found, for a natural coloured surface 
 
g a 
e 
However, there are several other factors which contribute to resolution.  One 
of these factors is the difference between the ionic strength of the mobile 
phase and that of the sample being introduced to the HPSEC system.  For 
e
water, that when the ionic strength of the mobile phase was greater than that
of the sample ionic strength, a sharp peak at the end of the chromatogram 
(the permeation volume) was present and in general, peaks eluted earlier 
than when the mobile phase ionic strength and sample ionic strength were 
equal.  In addition, under these conditions of equal mobile phase and sample 
ionic strength, the sharp peak at the end of the chromatogram, which they 
identified as the salt boundary, was eliminated (Specht and Frimmel, 2000). 
 
In the current experiment, a NOM sample was subjected to HPSEC usin
20 mmol L-1 phosphate buffer as the mobile phase, a flow rate of 1 mL min-1 
and injection volume of 100 µL.  The sample was tested with the ionic 
strength unchanged, and then the chromatographic performance of the sam
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sample was compared to when the ionic strength was adjusted to equal that 
of the mobile phase.  The chromatograms obtained for a sample with the 
same ionic strength as the mobile phase, and one with a lower ionic strength, 
are shown in Figure 2.3.  Note that the lower overall peak intensity of the 
sample with the ionic strength increased to be the same as the mobile phase
is due to dilution effects through the addition of buffer (diluted 10 % by an 
aliquot of buffer of 10 times the concentration of the mobile phase).  After 
integration of the total peak area of the two chromatograms, values of 
10.18 area units an
 
d 9.24 area units were obtained for the samples with an 
naltered ionic strength and with increased ionic strength, respectively.  This 
red 
ion. 
u
represented an area of 90 % of the altered sample compared to the unalte
one, confirming that the difference in peak area was entirely due to dilut
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fluence of sample ionic strength on the HPSEC of aquatic NOM.  Mobile 
hase tested was 20 mmol L-1 phosphate buffer, µ = 40 mmol L-1 (mobile phase C), 
olume = 100 µL and flow rate 1 mL min-1, a) Sample ionic strength lower 
-1). 
s 
p
injection v
than mobile phase, b) sample ionic strength same as mobile phase (µ = 40 mmol L
 
The chromatograms presented in Figure 2.3 are consistent with the finding
of Specht and Frimmel (2000) in terms of the elution volume being slightly 
Chapter 2 69
lower after the ionic strength was increased to equal to that of the mobile
phase.  For example, the largest peak of the 2
 
an 
k of 
r 
 This was attributed to a change in the molecular configuration of 
OM under different ionic strengths.  The work of Gosh and Schnitzer (1980) 
th of the sample 
ould significantly influence the hydrodynamic volume of humic material.  For 
ns a 
er 
 
.3) was 
placed with a long tailing flank when the sample ionic strength was 
ent 
 
 
ample and mobile 
hase ionic strengths; this material is possibly being included in the lower 
W peak at ~11.6 mL  Specht and Frimmel (2000) explained that at this 
nd group of peaks, eluted at 
elution volume of 9.00 mL when the sample ionic strength was less than that 
of the mobile phase, while adjusting the sample ionic strength to equal that of 
the mobile phase resulted in an elution volume for the corresponding pea
9.05 mL.  Several authors (DeHaan et al., 1987, Ceccanti et al., 1989, Chin 
and Gschwend, 1991) noted a similar effect in their studies of NOM by 
HPSEC, with elution volumes greater when sample ionic strength was lowe
than that of the mobile phase compared to when the ionic strengths were 
matched. 
N
and Cornel et al. (1986) showed changes in the ionic streng
c
the study of NOM using HPSEC, lower ionic strength of the sample mea
more loosely coiled humic molecule, resulting in what appears to be high
MW peaks.  Increasing the ionic strength of the sample to equal that of the 
mobile phase means a tighter coiled structure and causes a shift towards 
slightly lower MWs (DeHaan et al., 1987, Ceccanti et al., 1989, Chin and 
Gschwend, 1991). 
 
Specht and Frimmel (2000) also noted in their experiment that the sharp
peak at the end of the chromatogram (Ve ≅ 11.3 mL in Figure 2
re
adjusted to equal the mobile phase ionic strength.  However, in the curr
study, the sharp peak at ~11.3 mL is small, although still noticeable, in the 
chromatogram where sample and mobile phase ionic strengths were not 
matched (Figure 2.3a), and so the effect on this peak was less pronounced.  
By matching the sample and mobile phase ionic strength, the sharp peak has
been removed and the long tail is apparent, but a further small peak at 
~11.6 mL has appeared.  This is possibly sample specific and may simply be
a result of low MW components present in the sample.  There is also a 
reduction of the peak at ~10.6 mL after the matching of s
p
M
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point in the chromatogram, the salt boundary, the low MW components elute 
ic strength 
xclusion. 
 
ling 
ly for 
).  As a result, increasing sample ionic strength will slightly alter MW 
determinations, however, the effect is minimal.  More important for the study 
of NOM by HPSEC is the greater accuracy of MW determinations for the low 
MW component.  For the NOM sample studied in this research, the salt 
boundary effect was minimal and an anomaly of the appearance of a further 
peak at lower retention times has reduced the effect.  However, the benefits 
of matching the ionic strength of the sample and mobile phase can still be 
seen and this process is an important consideration for the study of NOM by 
HPSEC. 
 
2.3.3. Effect of the Flow Rate on HPSEC Performance 
 
The mobile phase flow rate is another parameter which can potentially 
influence resolution of MW fractions in HPSEC.  While there have been 
hundreds of reports on the use of HPSEC to characterise aquatic NOM, there 
seems to be no consensus on the ideal flow rate.  Conte and Piccolo (1999) 
chose a flow rate of 0.6 mL min-1, Nissinen and co-workers (2001) decided
el (1991) used an mobile phase flow rate of 1 mL min-1.  No 
at the same point as the sample solvent and, due to the lower ion
at this point in the chromatogram, charged low MW material may elute at a 
point greater than would be expected by its MW due to an increase in charge 
e
 
By increasing the ionic strength of the sample to equal that of the mobile
phase, there has been a slight reduction in elution volume due to the coi
of NOM at higher ionic strengths.  NOM molecular configuration has been 
shown to change according to pH, concentration and, more important
this application, ionic strength (Gosh and Schnitzer, 1980, Cornel et al., 
1986
 
on a rate of 0.7 mL min-1, Peuravuori and Pihlaja (1997) operated at an 
mobile phase flow rate of 0.8 mL min-1, while Zhou et al. (2000) and Huber 
and Frimm
explanation of flow rates chosen were given in these studies. 
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In the current study, four flow rates (0.5, 0.8, 1 and 1.2 mL min-1) were 
chosen to evaluate the effect of mobile phase flow rate on HPSEC separa
using the Tosoh TSK G3000SW
tion 
fer 
on the salt 
 of elution 
  
w the 
xL column, a 20 mmol L-1 phosphate buf
mobile phase (mobile phase E), an injection volume of 100 µL, while leaving 
the ionic strength of the sample unadjusted to evaluate the effect 
boundary at different flow rates.  The chromatograms, as a function
time, achieved with the four different flow rates are presented in Figure 2.4.
Elution time rather than volume was used to represent this data to sho
increase in time taken for analysis with lower flow rates. 
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Figure 2.4  Influence of mobile phase flow rate on the HP size exclusion 
chromatography of aquatic NOM.  Flow rates: a) 0.5 mL min-1, b) 0.8 mL min-1, c) 1 mL 
min-1, d) 1.2 mL min-1 are compared.  x axis expressed as elution time.  Mobile p
was 20 mmol L
hase 
µL and 
 
Reduction of the flow rate agreed with the findings of Saito & Hayano (1979) 
-1 phosphate buffer (mobile phase D), injection volume was 100 
sample ionic strength was unaltered. 
with no noticeable change in sample resolution observed (Figure 2.5).  
Changing the flow rate did, however, appear to influence the amount of 
material that was excluded from the column (material eluting at Vo).  To more 
clearly observe this effect, the four chromatograms in Figure 2.5 are 
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presented as a function of elution volume, rather than elution time, in Figure 
2.5. 
5
6
4 6 8 10 12 14
0
1
2
3
4
7
U
V 2
54
 D
et
ec
to
r r
e
d) 1.2 mL min-1
s
b) 0.8 mL min-1
c) 1 mL min-1
po
ns
e a) 0.5 mL min-1
Ve (mL)
 
Figure 2.5  Influence of mobile phase flow rate on the HPSEC of aquatic NOM.  Flow 
rates: a) 0.5 mL min-1, b) 0.8 mL min-1, c) 1 mL min-1, d) 1.2 mL min-1 are compared.  x 
axis expressed as elution volume (Ve).  Mobile phase was 20 mmol L-1 phosphate 
buffer (mobile phase D), injection volume was 100 µL and sample ionic strength was 
unaltered. 
 
From Figure 2.5, it is apparent that the shapes of the peaks representing the 
included fraction of NOM are unaffected by the changes in flow rate.  In fac
the four chromatograms from elution volume 8.5 to 11.5 mL are virtually 
identical.  However, increasing the flow rate clearly resulted in increasing
t, 
 
mounts of material excluded from the column (material eluting at V0).  
t 
e 
a
Integration of the areas of the peak at approx 5.5 mL showed that the amoun
of NOM excluded increased from 9.6 area units for a flow rate of 
0.5 mL min-1, to 10 area units at 0.8 mL min-1, to 10.5 area units at 
1 mL min-1, and finally to 10.6 area units at 1.2 mL min-1.  The reasons for 
this increase in the excluded fraction with an increase in flow rate are 
unclear, and this phenomenon does not appear to be addressed in th
literature.  It is possible that the reason for an increase in the proportion of 
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the NOM which was excluded was simply due to a reduction in time the 
material had to undergo adsorption on the stationary phase.  By increasing 
the flow rate, the material being analysed was forced through the column 
faster and hence had less time to interact with the stationary phase, resultin
in a larger peak at V
g 
t 
 
w rates is that it was adsorbed by the stationary 
hase as a result of the longer contact time; another possibility is that the 
difference in recoveries may simply be an artefact of the detection system for 
this large material.  Future work could include a more thorough investigation 
of this peak, possibly including a study using different UV detector 
wavelengths (other than 254 nm), or the use of different detection systems, 
e.g. organic carbon, fluorescence or refractive index detection.  Alternatively, 
the material comprising the excluded fraction peak could be collected using 
preparative HPSEC at the various flow rates and changes in characteristics 
of the material could then be studied. 
 
For the current study, a flow rate of 1 mL min-1 was selected as the flow rate 
of choice.  Resolution of peaks was found to be virtually identical for all four 
flow rates tested.  Low flow rates have previously been reported to have the 
potential to provide greater resolution due to greater interaction time between 
sample and stationary phase (Ricker and Sandoval, 1996, Popovici and 
Schoenmakers, 2005), but this was not observed in the current research.  
Practically, high flow rates are preferable since they decrease analysis time 
and thus enable greater sample throughput.  The flow rate of 1 mL min-1 was 
selected over 1.2 mL min-1, because of concerns of the possible loss of 
resolution that the higher flow rate may produce. 
 
 
 
0.  However, at lower flow rates, the included fraction 
would be expected to correspondingly increase, since there is more time for 
the NOM to permeate into the pores of the stationary phase, but this was no
observed.  At higher flow rates, more UV254-active material was recovered 
than at lower flow rates.  One possibility for the fate of the unrecovered
material at the lower flo
p
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2.3.4. Effect of the Injection Volume on HPSEC Performance 
 
The volume of sample injected onto the stationary phase is another important 
parameter that can influence the chromatographic performance of HPSEC 
separation.  According to Mori and Barth (1999), the retention volume of a 
solute increases with an increase in injection volume.  At the same time, the 
number of theoretical plates decreases as the injection volume increases, 
due to band broadening resulting in a loss of resolution.  Again, there seems 
to be no general consensus in the literature on the ideal injection volume for 
HPSEC of aquatic NOM, with volumes ranging from 25 µL (Saito and 
Hayano, 1979) to 2 mL (Huber and Frimmel, 1991, Specht and Frimmel, 
2000, Her et al., 2002b) 
 
The effect of varying the injection volume was examined in this study using a 
mobile phase comprising a 20 mmol L-1 phosphate buffer solution (mobile 
phase E), flow rate of 1 mL min-1 while leaving sample ionic strength 
unaltered to observe the salt boundary effect while changing injection 
volume.  A sample of aerated raw water from Wanneroo GWTP was 
analysed after injection of five different volumes of the same sample (10 µL, 
20 µL, 50 µL, 100 µL and 500 µL).  Initially sample concentration was not 
changed to account for the variation in injection volume and results are 
shown in Figure 2.6.  From review of the literature (e.g. Berdén and 
Berggren, 1990, Chin and Gschwend, 1991, Peuravuori and Pihlaja, 1997), it 
appears that 100 µL is the most common injection volume used with 7.8 mm 
internal diameter HPSEC columns and, hence, the chromatograms from the 
other injection volumes are compared directly to the chromatogram from 
injection of the 100 µL volume.   
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Figure 2.6  Influence of injection volume on the HPSEC of aquatic NOM.  
Chromatograms from injection volumes of
chromatogram from injection of a volume 
 500, 50, 20 and 10 µL are compared to the 
of 100 µL.  Mobile phase was 20 mmol L-1 
hosphate buffer (mobile phase D), flow rate was 1 mL min-1 and sample ionic 
trength was unaltered. 
e 
d 
 the 10 µL and 20 µL chromatograms.  
his observation will be discussed later in this Section. 
p
s
 
The difference between an injection volume of 100 µL and 50 µL was 
minimal (Figure 2.6).  Further reductions in injection volume to 20 µL and 10 
µL (Figure 2.6) resulted in a slight improvement in peak resolution, likely du
to reductions in band broadening, as outlined by Mori (1977) and Mori an
Barth (1999).  Also noticeable from Figure 2.6 is the reduction in the sharp 
peak present at the salt boundary in
T
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  of 500 µL ofInjection  sample onto the column resulted in significant peak 
roadening and a loss in resolution of peaks Figure 2.6.  This was especially 
fraction, 
ed 
, 
nto 
en 9 
olume.  
he 10 µL and 20 µL injection volumes (Figure 2.7a and Figure 2.7b) 
roduced virtually identically shaped chromatograms while a loss of 
resolution was observed increasing injection volume to 50 µL (Figure 2.7c) 
 
me is increased.  Also an increase of the peak at the salt 
 
 salt 
e 
ft 
 
b
pronounced for the peak eluting at the void volume, i.e. the excluded 
of the sample.  To test that this effect was not simply a result of the increas
amount of material being injected onto the column, the aerated raw water 
sample was systematically diluted with purified laboratory water, apart from 
the 10 µL sample, and re-injected using the same injection volumes (500
100, 50, 20 and 10 µL) so that identical amounts of DOC were injected o
the column.  The resulting chromatograms are presented in Figure 2.7. 
 
As observed by Mori and Bath (1999), the increased injection volume in fact 
resulted in a loss of resolution.  The peak at Vo was the most affected, but 
there was also a noticeable deterioration in resolution of the peaks betwe
and 12 min for all injection volumes compared to the 10 µL injection v
T
p
and a further loss of resolution found when 100 µL (Figure 2.7d) of sample 
was injected.  This is likely due to a gradual increase in band broadening as
the injection volu
boundary (Ve ≅ 11.5 mL) becomes evident when injecting 50 µL of sample 
and even more evident when injecting 100 µL of sample.  Injecting 500 µL of
sample resulted in the poorest resolution and also the largest peak at the
boundary.  While the loss of resolution observed here is consistent with th
findings of Mori and Barth (1999), that is a result of band broadening, a shi
to greater retention times with an increase in injection volume was not
observed in this case. 
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Figure 2.7  Influence of injection volume on the HPSEC of aquatic NOM.  The aerat
raw water sample was diluted with purified laboratory water for injection volumes 20 
µL, 50 µL, 100 µL and 500 µL so DOC concentrations equalled the sample injected with
a 10 µL injection volume.  a) 500 µL injection, sample diluted 50:1, b) 100 µL injection, 
sample diluted 10:1, c) 50 µL injection, sample diluted 5:1, d) 20 µL injection, sample 
diluted 10:1, e) 100 µL injection, sample not diluted.  Mobile phase was 20 mmol L
ed 
 
nts was not adjusted to 
atch that of the buffer.  Hence, increasing the sample injection volume also 
-1 
phosphate buffer (mobile phase D), flow rate was 1 mL min-1 and sample ionic 
strength was unaltered. 
 
The above experiments, testing the effects of altering injection volumes, also 
provide a very good illustration of salt boundary effects (Figure 2.6).  The 
ionic strength of the samples tested in these experime
m
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increased the volume of water (at much lower ionic strength than the mobile 
hase) that was injected onto the column during introduction of the sample.  
 
lute 
 
 
 
 in 
igure 2.6 and Figure 2.7.  At an injection volume of 50 µL, the salt boundary 
 
s 
 20 µL in 
e as 
e 
 of 
osen 
p
As discussed previously (Section 2.3.2), the salt boundary is the point where 
the water from the sample elutes from the column.  At this point, the ionic 
strength of the system is lowered due to dilution of the mobile phase.  This
results in increased charge exclusion between the negative charges of so
molecules and the negatively charged regions of the stationary phase.  In 
Figure 2.6 and Figure 2.7, the larger the injection volumes, the more 
pronounced the effect on DOC eluting at the salt boundary (Ve ≅ 11.5 mL) 
and the greater the amount of DOC eluting at the salt boundary.  Specht and
Frimmel (2000) have stated that the material that elutes at the salt boundary 
is likely to have an overall negative charge.  With increasing injection volume,
the difference between mobile phase ionic strength at the salt boundary and
the mobile phase ionic strength during the rest of the analysis increases.  
Hence, with increasing injection volume, more of the sample components 
would elute at the salt boundary, explaining the differences in the relative 
areas of the salt boundary peaks observed at different injection volumes
F
effect was still noticeable, but when the amount of sample injected was 
decreased to very low volumes (10 and 20 µL; Figure 2.7a and b), the effect
was minimal, with only a very small peak apparent at the salt boundary.  Thi
demonstrates that when utilising injection volumes lower than about
this system, it may not be necessary to match the ionic strength of the 
sample to that of the mobile phase.   
 
For the study of NOM by HPSEC, utilising as small an injection volum
possible is desirable.  The reduction in band broadening and hence increas
in peak resolution and minimisation of the salt boundary effect is greatest at 
lower injection volumes.  However, for samples with low concentrations
detectable DOC, the sample may not be detected if insufficient material 
reaches the detector.  As a result, an injection volume of 100 µL was ch
for the remainder of this research. 
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2.3.5. Analysis of Aquatic NOM Sample Using Optimised HPSEC 
Conditions 
ate 
.8 
 
m elution 
 
In the current study, the optimised conditions for analysis of the MW 
distribution of aquatic NOM from natural waters using HPSEC have been 
determined to be as follows: 1. mobile phase E, i.e. 20 mmol L-1 phosph
buffer, comprised of 10 mmol L-1 Na2HPO4 + 10 mmol L-1 KH2PO4,  pH of 6
and ionic strength = 40 mmol L-1; 2. injection volume 100µL; 3. flow rate
1 mL min-1; 4. ionic strength of the sample adjusted to equal that of the 
mobile phase by adding 1 mL of a 10 times concentrated solution of the 
mobile phase to 9 mL of the sample.  Conversion of the x-axis fro
volume to MW was achieved using the calibration curve developed in Section 
2.2.2.2 and illustrated in Appendix 1.  These optimised conditions were then 
applied to analyse the sample of aerated raw water from the Wanneroo 
GWTP and the resulting chromatogram is presented in Figure 2.8.   
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Figure 2.8  Typical chromatogram using the optimised HPSEC conditions.  Mo
phase composition: 10 mmol L
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heir 
ed in 
EC 
eluted at V0 (Peak 1).  Huber and Frimmel (1996) reported that this material 
e
4
-1 KH2PO4 + 10 mmol L-1 Na2HPO4, sample buffered s
ionic strength of sample equalled that of mobile phase (µ = 40 mmol L-1), injection
volume = 100 µL; flow rate 1 mL min-1.  The sample was aerated raw water from the 
Wanneroo GWTP. 
 
The HPSEC chromatogram in Figure 2.8, analysing NOM taken after 
aeration from the Wanneroo GWTP, shows the sample was resolved into 8
peaks.  This compares favourably to the work of Peuravuori and Pihlaja 
(1997) who stated that a 10 mmol L-1 sodium acetate mobile phase was 
superior than a 20 mmol L-1 for the resolution of NOM in HPSEC.  In t
study, NOM of various origins was separated into either 7 or 8 peaks 
(Peuravuori and Pihlaja, 1997) and resolution was similar to that achiev
the current study.  From this comparison, the current optimised HPS
method performed well for the study of NOM.   
 
As shown in Figure 2.8, approximately 20 % (determined by integration) of 
the UV254 detectable NOM was not subjected to any size exclusion and 
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is likely to comprise inorganic colloids, while Allpike et al. (2005) suggested 
that the material could also contain organic colloidal substances perhaps 
bound to iron and/or sulfur.  Both of these hypotheses could explain 
material is not able to enter the pore space of the stationary phase, as 
colloids would likely be larger than the pore volume of the stationary phas
utilised.  Also the significant signal in the UV
why this 
e 
 to 
ctive 
a 
 of 
 
s 
le 
 
 
i 
), a 1 
 mmol L-1 with 
odium chloride as the mobile phase, a flow rate of 1 mL min-1, an injection 
mples adjusted so their ionic strength was equal to 
at of the mobile phase, according to the method of (Chin et al., 1994).  
 
 overall water 
uality of the blended water is kept reasonably constant.  It is therefore clear 
at the method described in this Chapter is far superior than the previous 
ethods for the separation of Wanneroo-type NOM. 
 
254 spectrum would result due
light scattering of the particulate matter.  The remaining 80 % of UV254-a
material eluted within a relatively small MW range, between about 7 000 D
and 300 Da.  From this included portion, six peaks (Peaks 2-7) were 
resolved, with a further small portion (Peak 8) unresolved between a MW
600 - 300 Da.  Most of the UV254 active NOM was present at a MW between
7 000 and 2 000 Da (Peaks 2-4).   
 
Water from this sampling point, after aeration at the Wanneroo GWTP, ha
been well studied due to the implementation of the world’s first large sca
MIEX® resin treatment plant at the Wanneroo GWTP.  As a result, a number
of HPSEC studies have been reported in the literature on samples taken from
this point in the process at the Wanneroo GWTP (Cadee et al., 2000, Slunjsk
et al., 2000a, Slunjski et al., 2000b, Bourke et al., 2001).  HPSEC conditions 
in these studies included a Shodex KW-802.5 column (Shoko, Japan
mmol L-1 phosphate buffer with ionic strength adjusted to 100
s
volume of 100 µL, with sa
th
Utilising these conditions, the aerated raw NOM sample has previously only 
been separated into 3 peaks, with a large portion eluting at V0 of the system
and only two resolved peaks eluting in the included fraction.  While the bore 
waters contributing to the samples taken after aeration at the Wanneroo 
GWTP would have been different at each sampling event, the
q
th
m
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2.4. Conclusions 
 
On a Tosoh TSK G3000SWxl column, using UV254 detection, a mobile phase 
test 
 
e 
nd 
hence higher elution volumes.  The impact on retention volume was minimal 
but matching the ionic strength of sample and mobile phase had a greater 
effect on small MW material eluting at the salt boundary.  When using small 
injection volumes (10-20 µL), the salt boundary effect was minimal, but for 
samples with low concentrations of DOC requiring larger injection volumes, 
the effect was significant and resulted in incorrect MW determinations. 
 
From the experiments conducted, the composition of the mobile phase had 
the greatest effect on peak resolution of all the method parameters tested.  
This is consistent with observations by Peuravuori and Pihlaja (1997), who 
also showed that the most critical factor in peak resolution was the 
) showed that the ionic strength of the buffer needed to be 
et 
n system was therefore the 
consisting of a buffer of 10mmol L-1 Na2HPO4+10 mmol L-1 KH2PO4, a flow 
rate of 1 mL min-1, with 100 µL of sample injected, achieved the grea
resolution of MW fractions during HPSEC of NOM from a sample of raw
aerated water from the Wanneroo GWTP.  It was also shown that adjusting 
the ionic strength of the sample to match that of the mobile phase had a 
small but noticeable effect on elution volume, as has been described by Chin 
& Gschwend (1991).  This was attributed to an increase in the coiled natur
of NOM at higher ionic strengths resulting in apparent lower MW material a
composition of the mobile phase.  Chin et al. (1994) and Zhou and co-
orkers (2000w
maintained at 0.1 mol L-1 to reduce unwanted interactions between the 
stationary phase and solutes.  However, in the present study, it was 
demonstrated that increasing the ionic strength of the buffer to 0.1 mol L-1 
actually increased adsorption of the solute onto the stationary phase and less 
resolution of the included fraction was achieved.  Also, when the ionic 
strength of the buffer was too low, the exclusion effect described by Chin 
al. (1994) indeed had an effect: a significant portion of the sample was 
excluded from the pores of the stationary phase and not separated to any 
degree.  The best mobile phase for the chose
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20 mmol L-1 phosphate buffer, of intermediate ionic strength (mobile phase 
c um s  m  o
ug er i ec s (500 n a 7.8
t ban  broaden ng occurred, resulting in a loss of 
here the ionic strength of the sample had not been 
matched to that of the buffer, it w nd tha alt boun ffect 
ially he ove  shape of  chromatogram with high 
0 µL o r res
in a decrease in ionic strength at the salt boun and, henc
termolecular exclusion of solute molecules.  The larger the sample volume, 
ffect, and the more material which eluted 
on was not substantially improved by 
ecreasing the injection volume below values of 100 µL, less dilution resulted 
ry effect was 
duced.  While this is advantageous for HPSEC studies of NOM, lowering 
DOC concentrations may result in UV254-active DOC being undetected.  For 
is reason, a 100 µL injection volume was chosen for use.  The only 
ve parameters, it was possible to identify 8 
actions from the aerated raw water sample taken from the Wanneroo 
E). 
 
The flow rate and inje tion vol
h t v
e were hown to have inimal effect n 
peak resolution, altho  a y hi  njgh tion me volu µL o  m  m
ID column) significan d i
resolution.  In cases w
as fou t the s dary e
contributed substant  to t rall  the
injection volumes.  Injection of sample volumes of 10 r greate ulted 
dary e, 
in
the greater was the salt boundary e
at the salt boundary.  While the resoluti
d
in higher ionic strengths of the samples and the salt bounda
re
the injection volume will increase detection limits and for samples with low 
th
influence of flow rate was an increase in retention time with decreasing flow 
rate.  By optimising the abo
fr
GWTP.  
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3. THE USE OF HIGH PRESSURE SIZE EXCLUSION 
CHROMATOGRAPHY TECHNIQUES TO STUDY THE 
he research in this Chapter has been published in: 
llpike, B.P., Heitz, A., Joll, C.A., Kagi, R.I., Abbt-Braun, G., Frimmel, F.H., 
phy 
X® process is an innovative, new water treatment process jointly 
eveloped by SA Water, Orica Australia Pty Ltd and CSIRO Australia 
rocess is based on a micro-sized, macroporous, strong base anion 
 
erall DOC content of treated water, 
specially those fractions that are resistant to removal by coagulation 
rocesses (Slunjski et al., 2000b).  DOC reduction was a major objective for 
the introduction of the MIEX® process at the Wanneroo GWTP, specifically to 
EFFECTIVENESS OF A RANGE OF DRINKING WATER 
TREATMENT PROCESSES 
 
T
 
A
Brinkmann, T., Her, N. and Amy, G. (2005) Size Exclusion Chromatogra
to Characterise DOC Removal in Drinking Water Treatment. Environmental 
Science and Technology, 39, pp 2334-2342. 
 
3.1. Introduction 
 
The MIE
d
(Slunjski et al., 2000b, Pelekani et al., 2001, Slunjski et al., 2002).  The 
p
exchange resin with magnetic properties, which is used in a continuous 
process that incorporates a resin regeneration side-process.  The world’s 
first full-scale MIEX® water treatment plant was commissioned at the 
Wanneroo GWTP, in December 2001 (Smith et al., 2003).  At the Wanneroo 
GWTP the MIEX® process is operated in combination with a conventional 
alum clarifier for maximum removal of DOC.  The plant was configured such 
that the combined MIEX® coagulation process can be operated in parallel 
with the pre-existing coagulation process.  In this way, the raw water 
supplying the two process streams is identical, and water can be sampled
from comparable locations in the parallel streams, facilitating accurate 
comparison of the two processes.  The MIEX® resin treatment was 
developed with the aim of reducing the ov
e
p
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(a) decrease DBP formation; (b) decrease biofilm regrowth in the distribution 
ystem; and (c) to improve the stability of chlorine (disinfectant) residuals in 
 
 
of 
erein, Drikas et al., 
003).  However, these previous investigations had been conducted using 
tection only, and were hampered by the lack of 
vailability of an OCD system.  Furthermore, they had been conducted on 
f 
ater 
les 
s
finished water.  However, characterisation of the product water had 
previously been limited to measurements of bulk water quality parameters 
such as DOC concentrations, UV254, colour and specific UV absorbance
(SUVA) for example as well as HPSEC-UV254 measurements.  Previous 
studies had shown that the combined MIEX® and coagulation process 
appeared to preferentially remove the lower MW DOC components, while
enhanced coagulation treatment appeared to preferentially remove those 
higher MW (Slunjski et al., 2000b and references th
2
HPSEC with UV254 de
a
either pilot scale or laboratory simulation experiments, which cannot fully 
represent on-plant conditions.  In the present research, these previous 
investigations were extended, firstly by studying real-world samples from a 
full-scale MIEX® treatment plant, and secondly, by conducting the analyses 
using HPSEC coupled with UV254, OCD and fluorescence detectors.  These 
additional methods of characterisation provided information on the effects o
the treatment processes on the MW and molecular (spectroscopic) 
characteristics of the DOC that was not previously available. 
 
3.1.1. Scope of Study 
 
The objective of the work in this Chapter was to evaluate the drinking w
treatment processes used at the Wanneroo GWTP with regard to their MW 
distribution.  The performance of analytical and preparative scale HPSEC as 
well as UV254, fluorescence and OC detection was compared for samp
from the Wanneroo GWTP after various stages of treatment. 
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3.2. Experimental 
3.2.1. Samples 
 
Glassware for sampling was cleaned according to the procedure outlined in 
Chapter 2.2.1.  Samples (4 L) were collected from five points at the 
Wanneroo GWTP on the 14th May 2002 (Figure 3.1) in four litre glass 
Winchesters prepared as in Section 2.2.1.  Samples analysed where stor
at 4 °C until required.  Sub-samples used for HPSEC analysis were prepared
by filtration as described in Chapter 2.2.1.  The ionic strength of the samples 
was adjusted to equal that of t
ed 
 
he mobile phase by addition of a ten times 
oncentrated solution of the mobile phase as described in Chapter 2.2.1. 
r 
ion for disinfection (CW).  Data on 
meters and raw water chemistry are 
tion of the treatment processes at 
in Section 1.4.1. 
c
Conventional Coagulation
MIEX®
*CW
Aeration
Enhanced Coagulation 
Filtration and Final Disinfection
*  Sampling locations giving 
sample names 
*RW
*MIEX®-C
*MIEX®
*EC 
Inlet groundwater
 
Figure 3.1  Schematic of Wanneroo GWTP, showing sampling locations (*) and 
sample names. 
 
The samples collected were (a) the aerated raw water (RW); (b) water afte
treatment with MIEX® only (MIEX®); (c) water after treatment with MIEX® 
followed by conventional coagulation (MIEX®-C); (d) water after treatment 
with enhanced coagulation only (EC; that is coagulation geared for maximum 
NOM removal by optimising alum dose) and; and (e) “clear water”, after 
filtration, pH adjustment and chlorinat
chemical doses, plant operating para
provided in Table 3.1.  A thorough descrip
the WGWTP is provided 
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Table 3.1  Water quality and chemical dose parameters at sample locations at the 
ear 
ter 
(CW) 
Wanneroo GWTP. 
Water quality 
parameter/ chemical 
dose 
Raw 
water 
(RW) 
MIEX® 
treated 
(MIEX®) 
MIEX®-
coagulation 
(MIEX®-C) 
Enhanced 
coagulation 
(EC) 
Cl
wa
Alum dose (mg L-1) - - 55 70 - 
Polyelectrolyte dose 
(mg L-1) - - 0.75 0.62 - 
DOC concentration 
(mg L-1) 5.7 2.46 1.59 2.14 1.74 
Colour (@ 400 nm) 45 29 2 3 2 
UV254 (cm-1) 0.326 0.175 0.025 0.047 0.035 
SUVA ( L mg-1 m-1) 5.7 7.1 1.6 2.2 2.0 
pH 7.2 7.4 6.6 6.4 6.7 
 
3.2.2. Materials and Methods 
3.2.2.1. Purified Laboratory Water 
 
Purified water was obtained as outlined in Chapter 2.2.2.1 
 
3.2.2.2. Measurement of Constituents and Water Quality Parameters in 
Water Samples 
 colour, UV254 and pH were determined 
y SGS Australia Pty Ltd. 
ory 
 
 
Water quality parameters, including
b
 
3.2.2.3.  Measurement of Dissolved Organic Carbon Concentration 
3.2.2.3.1. Materials 
3.2.2.3.1.1. Phosphoric Acid Solution 
 
Phosphoric acid (BDH, 100 mL, 85 % w/v) was added to purified laborat
water and the volume made up to 500 mL. 
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3.2.2.3.1.2. Persulfate Oxidiser Solution 
 
Sodium persulfate (60 g, Sigma-Aldrich 98 %) and phosphoric acid (15 mL, 
85 %) were added to purified laboratory water and the volume made up to 
500 mL. 
 
3.2.2.3.2. Preparation of Standard Solutions 
rganic carbon solutions (100 mg C L-1): a stock solution of potassium 
urs 
).  
.00, 
tration 
ere pre-washed with purified 
boratory water (500 mL) and sample water (40 mL).  Water samples were 
ions of 
n 
ioxide 
 
O
hydrogen phthalate (Aldrich, 2.125 g), previously dried at 100 °C for 2 ho
and cooled in a desiccator, was prepared in purified laboratory water (1 L
The stock solution of potassium hydrogen phthalate was serially diluted to 
produce solutions of 0.10, 0.20, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 4.00, 5
6.00, 8.00 and 10.00 mg organic carbon L-1 for construction of calibration 
curves. 
 
3.2.2.3.3. Measurement of Dissolved Organic Carbon Concen
 
Nylon membranes (Pall Acrodisc, 0.45µm) w
la
filtered using a pre-washed nylon membrane.  The filtered water was 
collected in an annealed glass vial (40 mL) and analysed using a Shimadzu 
Total Organic Carbon Analyser (TOC-Vws) using a Non-purgable Organic 
Carbon (NPOC) method.  The NPOC parameters included 3 to 5 inject
2.5 mL of sample per injection (with a maximum standard deviation of 0.05 
mg L-1), with 2 washes.  An aliquot of the phosphoric acid solution (75 µL) 
was added and the sample sparged with nitrogen gas for 3 minutes.  A
aliquot of the persulfate oxidiser solution (1.5 mL) was added and the sample 
irradiated by UV light to oxidise organic carbon.  The resulting carbon d
was detected using an infrared detector. 
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3.2.2.4. High Pressure Size Exclusion Chromatography 
 
The HPSEC systems that were used in this study included (a) a system 
utilising a preparative scale column (250 mm x 22 mm, particle size 30 µm)
coupled with a UV
 
or 
.2.2.5. Method A 
a 
ry 
 
te 
e flow 
, 
essure 
ctrical 
y 
 column.  
254 detector in series with an organic carbon detect
(OCD) (Huber and Frimmel, 1991) (Method A); (b) a system utilizing an 
analytical column, to provide optimum separation, coupled with a UV254 
detector (Method B); and (c) a system using a preparative scale column 
interfaced with UV254, fluorescence and OCD-specific detectors in series 
(Her et al., 2002a, Her et al., 2002b) (Method C).  
 
3
 
In this method, HPSEC of filtered samples was performed according to 
previously described method using a ‘preparative’ polymer based stationa
phase, TSK HW-50S column (length 250 mm, inner diameter 20 mm, particle
size 30 µm, pore size 125 Å, Toyopearl, Japan), a 26.8 mmol L-1 phospha
mobile phase (Na2HPO4.2H2O = 1.5 g L-1, KH2PO4 = 2.5 g L-1, pH 6.6, ionic 
strength 39.0 mmol L-1), and on-line UV254  and OCD systems (Huber and 
Frimmel, 1994, 1996) at Karlsruhe University, Karlsruhe Germany.  Th
rate was 1 mL min-1 and the injection volume was 2 mL. In the OCD system
a cylindrical thin film reactor with a rotating inner cylinder and a low-pr
mercury lamp in the middle served to oxidise DOC to carbon dioxide, which 
in turn was quantified by a non-dispersive infrared (NDIR) detector (Huber 
and Frimmel, 1991).  The void volume of the column (V0 = 21 mL) was 
determined using dextran blue and the permeation volume of the column (Vp 
= 47 mL) was determined by injecting deionised water and using an ele
conductivity detector.  Standards for MW calibration were polystyrene 
sulfonates (PSS): (35 700, 15 800 and 4 480 Da, Polymer Scientific 
Services). 
 
The irreversible adsorption of some sample components onto the stationar
phase of the column meant that not all of the sample eluted from the
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The recovery of DOC through the column from each sample was determine
by measuring DOC concen
d 
trations after the sample had passed through the 
PSEC column and for a sample in which the column was bypassed.  The 
e 
f the 
ns 
 
loop.  
 (Vp 
PSS standards (840, 4 400, 6530, 15 200, 35 300 and 81 800 Da, Polymer 
 
 
 
H
concentration of the ‘lost’ fractions of DOC was determined by comparing th
peak area of a sample that eluted from the column with the peak area o
same sample that had bypassed the column.  Potassium hydrogen phthalate 
standards served to calibrate the OCD. Recoveries of DOC through the 
column ranged from 78-91%, which is consistent with previous observatio
of HPSEC analysis of NOM, and model compounds used to represent NOM
(Specht and Frimmel, 2000). 
 
3.2.2.6. Method B 
 
In this method, HPSEC was performed using an ‘analytical’ silica based 
staionary phase, TSK G3000SWxl column (length 300 mm, inner diameter 
7.8 mm, particle size 5 µm, pore size 250 Å, Tosoh BioSep, Japan) and a 
Hewlett Packard 1090 Series II HPLC instrument with filter photometric 
detection (FPD) at λ = 254 nm at Curtin University of Technology.  The 
column had a V0 = 5.5 mL, as determined with dextran blue, and a Vp = 
13.3 mL, as determined with acetone.  The mobile phase was a 20 mmol L-1 
phosphate buffer (1.36 g L-1 KH2PO4 and 3.58 g L-1 Na2HPO4, pH 6.8 and 
ionic strength = 40 mmol L-1).  Samples were injected manually using a 
Rheodyne 7125 6-port injection valve equipped with a 100 µL sample 
The flow rate was 1 mL min-1.  Data analysis was performed using HP 
Chemstation software.  The void volume of the column (V0 = 5.5 mL) was 
determined using dextran blue and the permeation volume of the column
= 13.3 mL) was determined using acetone.  The system was calibrated using 
Scientific Services).  The calibration curve was linear (R2 = 0.98) over the 
MW range tested. 
Chapter 3 92
3.2.2.7. Method C 
 
In this method, HPSEC was performed using a polymer based stationary 
phase, TSK-50S column (length 250 mm, inner diameter 20 mm, particle 
size 30 µm, pore size 125 Å, Toyopearl, Japan) coupled with a UV254 
detector (SPD-6A Shimadzu), a fluorescence detector (Waters 470 Scanning 
Fluorescence Detector) scanning at an excitation wavelength of 282 nm and 
an emission wavelength of 353 nm, and a OCD system (Modified Sievers 
TOC 800 Turbo) (Her et al., 2002a, Her et al., 2002b) at the University of 
Colorado, Boulder, Colorado.  The mobile phase system consisted of a 
phosphate buffer (2.4 mmol L-1 NaH2PO4 + 1.6 mmol L-1 Na2HPO4, pH 6.8), 
containing sodium sulfate (25 mmol L-1), to achieve an ionic strength of 100 
mmol L-1.  The mobile phase flow rate was 1 mL min-1 and the sample 
volume was 2 mL.  The void volume of the column (V0 = 28.17 mL) was 
determined using dextran blue and the permeation volume of the column (Vp 
= 61.3 mL) was determined using acetone.  Polyethylene glycol (PEG) MW 
standards (200 – 10 000 Da, Phenomenex) were used for determination of 
MW.  This method is described in detail elsewhere (Her et al., 2002a, Her et 
al., 2002b).   
 
3.2.2.8. HPSEC Data Treatment 
 
Calculation of number average molecular weight (Mn) and weight average 
molecular weight (Mw) was based on the method of (Zhou et al., 2000), who 
election of the LMW cut-off is especially important because this has a 
. 
recommended a value of 1 % of the maximum chromatogram height as the
high molecular weight (HMW) cut-off, and 2 % of the maximum 
chromatogram height as the low molecular weight (LMW) cut-off.  Careful 
 
s
marked effect on the calculation of MW.  For Wanneroo raw water, Peak 1 
eluted outside the calibration range in all of the methods that were used (i.e
has a very high MW), so this fraction was not included in the calculation of 
MW parameters, and the values listed in Table 3.2 relate to Peaks 2-8 only.  
However, omission of Peak 1 led to complications in selection of the HMW 
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cut-off for chromatograms obtained using Method A. Incomplete resolution o
Peaks 1 and 2 meant that the detector response did not decrease to 1 % o
the maximum response prior to the commencement of elution of Peak 
the HMW cut-off could not be determined using the specified method.  In the 
case of Method A, the HMW cut-off was therefore taken as the minimu
detector response between Fractions 1 and 2. 
 
3.3. Results and Discussion 
 
In order to study the MW characteristics of treated ground water and to 
evaluate two different treatment processes, water from five points of the 
Wanneroo GWTP were collected during autumn in May of 2002.  The fiv
sampling points were following aeration of the raw water (RW), following 
MIEX
f 
f 
2, and 
m 
e 
oagulation of 
e raw water (EC) and after filtration and final disinfection of the two treated 
in 
, 
 mm, particle size 30 µm, pore size 125 Å) 
nd OCD and UV254 detection using a phosphate buffer, 8.4 mmol L-1 
ith 
tical 
® resin treatment of the raw water (MIEX®), following MIEX® and alum 
coagulation of the raw water (MIEX®-C), following enhanced c
th
water types (MIEX®-C and EC) had been combined (Figure 3.1). 
 
3.3.1. Comparison of HPSEC Methods 
 
To gauge the validity of using HPSEC for MW determinations and to ga
spectroscopic as well as DOC-specific information, the samples (raw, MIEX®
MIEX®-C, EC and clear water) were analysed using three different HPSEC 
methods in operation at three different laboratories around the world.  
Method A involved the use of a preparative scale TSK-50s HPSEC column 
(length 250 mm, inner diameter 20
a
Na2HPO4.2H2O + 18.4 mmol L-1 KH2PO4, as the mobile phase.  Analysis w
this method was performed by the author in the research group led by 
Professor Frimmel and with assistance from Dr Thomas Brinkman, at 
Karlsruhe University, Germany.  Analysis with Method B utilized an analy
scale TSK G3000 SWxL HPSEC column (length 300 mm, inner diameter 
7.8 mm, particle size 5 µm, pore size 250 Å) with UV254 detection using a 
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phosphate buffer, 10 mmol L-1 Na2HPO4 + 10 mmol L-1 KH2PO4, as the 
mobile phase, performed by the author at Curtin University.  Method C
involved the use of a preparative scale TSK-50s HPSEC column (length 
250 mm, inner diameter 20 mm, particle size 30 µm, pore size 125 Å) and 
OCD and UV
 
ng this 
 of 
 
hic 
 
rge diameter (20 mm) 
columns were used, since these detectors were not sufficiently sensitive to 
he 
ed with those from 
 
 
 that 
 the chromatograms produced by the two 
ethods showed a similar elution pattern in all samples, and these 
254 detection.  The mobile phase system consisted of a 
phosphate buffer (2.4 mmol L-1 NaH2PO4 + 1.6 mmol L-1 Na2HPO4, pH 6.8), 
containing sodium sulfate (25 mmol L-1), to achieve an ionic strength of 100 
mmol L-1.  Detection was via OCD and UV254 methods.  Analyses usi
method were performed by the author in the laboratories at the University
Colorado, USA, with the kind invitation of Professor Gary Amy and the 
assistance of Dr Namguk Her. 
 
Chromatograms utilizing Method A are shown in Figure 3.3, Method B in
Figure 3.2 and Method C in Figure 3.4.  Chromatograms obtained with 
Method C are not included in the initial comparisons of chromatograp
separation due to the different nature of the mobile phase.  The higher ionic
strength mobile phase used for this method resulted in a different elution 
profile compared to Methods A and B and as such, results for method C are 
not introduced until after the separation of NOM has been discussed.  In the 
two methods using OCD (Methods A and C), la
be compatible with the smaller injection volumes, and hence smaller 
amounts of analytes, which can be used with smaller diameter columns.  T
hromatographic results from these methods were comparc
Method B, in which a smaller diameter column (7.8 mm) was interfaced with
a UV254 detector.  Comparison of chromatograms obtained using Methods A 
and B showed that the chromatographic separation obtained using the 
smaller diameter column (Method B; Figure 3.2) was superior to that which
could be obtained with the large diameter columns (Method A; Figure 3.3).  
Further, the analysis time required was more than four-fold greater than
required for the method utilising the small diameter column (67 min and 
15 min, respectively).  However,
m
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similarities suggest that direct comparison of results obtained using thes
two methods will be valid. 
 
Similarities in the elution pattern of the two methods support the findings of 
Peuravuori and Pihlaja (1997) who stated that ‘the most critical step in 
studying aquatic humic solutes in HPSEC is the choice of the eluent’.  In the 
current study, two vastly different types of HPSEC stationary phases, silica 
based compared to polymer based
e 
 phases, but using very similar mobile 
hases, were compared.  Method A used an HW-50s material made from 
d methacrylate type polymers.  This 
aterial has a particle size of 20 - 40 µm (mean particle size 30 µm) and a 
 
a 
 
 the 
e 
of the 
 
st 
. 
p
copolymerisation of ethylene glycol an
m
pore size of 125 Ǻ.  Method B employed a TSK G3000SWxl media with an
organic phase bonded to a silica based resin, a particle size of 5 µm and 
pore size of 250 Ǻ.  Method A used a 26.8 mmol L-1 phosphate buffer at 
pH 6.6 with an ionic strength of 39.0 mmol L-1, while Method B utilised a 20.0
mmol L-1 phosphate buffer at pH 6.8 with an ionic strength of 40 mmol L-1.  
While the actual compositions of the two eluents were different, it was
ionic strength of the mobile phase which had the greatest influence on th
separation.  In solution, neutral, acidic and basic salts are dissociated into 
their respective ions according to their dissociation constant.  Therefore, the 
measure of the electrolyte concentration is not the molar concentration 
salts themselves, but the ionic strength (Mori and Barth, 1999).  The two 
eluents with very similar ionic strengths resulted in similar separation 
performance on these two completely different types of HPSEC media.  
Thus, it can be seen that it is the composition of the mobile phase, and, more
specifically, the ionic strength of the mobile phase, that exerts the mo
influence on separation, rather than the composition of the stationary phase
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Figure 3.2  HPSEC-UV254 chromatograms (Method B, 300 mm x 7.8 mm column) of 
water samples from the Wanneroo GWTP: a) RW, b) MIEX®, c) MIEX®-C, d) EC, e) clear 
water.  Peaks in each chromatogram are numbered as referred to in the text. 
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Figure 3.3  HPSEC-UV2 tograms (Method A, 250 mm x 20 mm column) 
of water samples from the Wanneroo GWTP: a) RW, b) MIEX , c) MIEX -C, d) EC, e) 
clear water.  Peaks in each chromatogram are numbered as referred to in the text.  
Black line = DOC response; dashed line = UV
® ®
254 response. 
 
The profiles of DOC and UV254-active DOC from the use of Methods A and B 
consisted of a peak at V0, which was present in both the raw water (Fig
3.2a and Figure 3.3a) and in the MIEX -treated samples (Figure 3.2b and 
Figure 3.3b), and a smaller, later-eluting group of peaks, which was present 
in all of the samples.  The material represented by the peak at V
®
0 (Peak 1) 
was completely excluded from the stationary phases of both columns (as 
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shown by Dextran blue, MW 200 KDa), and was therefore not subjected to 
the size exclusion separation process.  While this peak represents only a 
small fraction of the total DOC, the same material represents a major 
proportion of the total UV254-active substances in the sample, illustrating th
significant discrepancies that occur between UV
e 
 provides a 
, 
d Figure 3.3a) this material was 
eparated into six semi-resolved peaks when using the 300 mm x 7.8 mm 
ome shoulders when 
sing the 250 mm x 20 mm column.  In the experiment using the larger 
letely resolved 
 well 
ld not 
ion, 
e 
 
ter column.  These observations illustrate the need for OC 
detectors that have signal-to-noise characteristics that are compatible with 
these smaller diameter columns. 
 
Method C used the same column as in Method A, i.e. a HW-50s polymer 
based resin with a mean particle size of 30 µm and a pore size of 125 Ǻ.  
The mobile phase was different, however, to that utilised in Methods A and 
B.  In Method C, the mobile phase consisted of a 4 mmol L-1 phosphate 
buffer at pH 6.8 with sodium sulphate (25 mmol L-1) added to bring the ionic 
strength of the buffer system to 100 mmol L-1.  It has been established (Chin 
254 detection and OC 
detection.  The material represented by the later-eluting group of peaks 
(Peaks 2-8) did permeate the pores of the stationary phases, and
valid comparison of the separation efficiency of each column.  For example
in the case of the RW sample (Figure 3.2a an
s
column, but into only three semi-resolved peaks with s
u
diameter column, even the material eluting at V0 was not comp
from the later-eluting material, but these areas of material were clearly
separated, to the baseline, by the smaller diameter column.   
 
In the case of two of the treated water samples, EC-treated (Figure 4.2d and 
Figure 4.3d) and CW (Figure 3.2e and Figure 3.3e), Peaks 3 and 4 cou
be resolved using the larger diameter column, while these were well 
separated using the smaller diameter column.  With its improved resolut
the smaller diameter column clearly has the potential to provide more 
information on the character of DOC, and on the fractions of DOC that wer
removed by the water treatment processes, than is available when using the
larger diame
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and Gschwend, 1991, Chin et al., 1994, Peuravuori and Pihlaja, 1997, Mori 
and Barth, 1999) that higher ionic strength buffers, particularly above 
100 mmol L-1, may reduce the effect of ion exclusion and increase the elution 
volume of molecules.  The effect on ion exclusion with the use of the high 
ionic strength mobile phase in Method C is difficult to determine but there is 
no doubt that elution time increased with the increased ionic strength of this 
buffer system (Figure 4.4).  It is also evident from comparison of Figure 3.4 
with Figure 3.2 and Figure 3.3 that there was a considerable loss in 
resolution with the increase in ionic strength of the mobile phase.  When 
compared to the chromatograms from analysis of raw water by Method B 
(Figure 3.3 a), where six semi-resolved peaks could be identified for the 
included fraction, and Method A (Figure 3.2 a), where 3 semi-resolved peaks 
and some shoulders could be identified, the chromatogram from use of 
Method C (Figure 3.4 a) showed only one broad peak with a long tail that 
never fully returns to the baseline.  Comparison of the treated water 
chromatograms showed a similar trend.  Analysis of EC and CW samples 
showed four semi-resolvable peaks for Method A (Figure 3.3 d and Figure 
3.3 e) and five semi-resolvable peaks for Method B (Figure 3.2 d and Figure 
3.2 e).  In comparison, analysis of these two samples by Method C showed 
two broad peaks at increased elution volume. 
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Figure 3.4  HPSEC-UV
C
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ec
t
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e) 
t.  
e is 
254-OCD chromatograms (Method C, 250 mm x 20 mm column) 
of water samples from the Wanneroo GWTP: a) RW, b) MIEX®, c) MIEX®-C, d) EC, 
clear water.  Peaks in each chromatogram are numbered as referred to in the tex
Black line = DOC response; dashed line = UV254 response. 
 
As previously mentioned, it is difficult to determine the effect of the mobile 
phase on ion exclusion processes, however, the increase in elution volum
indicative that the sample molecules were able to penetrate further into the 
pores of the stationary phase and were therefore more retained.  It is also 
evident, especially for the RW sample (Figure 3.4 a), that the tailing peak at 
higher elution volume never fully returned to the baseline well past the 
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permeation volume of this system, representing molecules continuing to be 
slowly eluted from the column.  
 
Thus, increasing the mobile phase ionic strength increased the elution 
volume of sample components by allowing greater permeation into the p
of the stationary phase or by promoting adsorption of sample components 
onto the stationary phase.  Use of a lower ionic strength buffer appeared to 
resolve the DOC into a greater number of peaks, as observed in results from 
Methods A and B.  The improved resolution of these fractions with the low
ionic strength buffers allowed more precise comparison of the different water 
treatment processes in this study. 
 
3.3.2. Raw Water Characteristics 
 
In order to compare the MW characteristics of DOC in the Wanneroo raw 
water with those of DOC from other sources, number average molecular
weight (M
ores 
er 
 
 for Wanneroo raw 
ater (Table 3.2) agreed reasonably well, even though different methods of 
detection and calibration were used.  Values of Mw were remarkably 
d 
y the incomplete resolution of peaks 1 and 2 in this chromatogram, and was 
 
olution of 
ever 
t 
 
54 
by 
these methods. 
n) and weight average molecular weight (Mw) were calculated for 
two of the three methods.  Values of Mn and Mw obtained
w
consistent for Method A (with OCD) and Method B, but Mw was high for 
Method A when using UV254 detection.  This high value was probably cause
b
exacerbated by the high UV254 response of peak 1.  Zhou et al. (2000)
suggested a HMW cuttoff of 1 % of the maximum chromatographic height 
when calculating MW parameters.  However, due to incomplete res
peaks 1 and 2 using Method A with UV254 detection the chromatogram n
reaches a value of 1 % of the maximum chromatographic height, as a resul
the Mw is higher than would be expected.  Values of Mn were highly 
dependent on the LMW cut-off chosen, especially in the case of Method A 
(OCD), where significant peak tailing occurred.  Peak tailing was much less
evident in the case of both of the chromatograms obtained using UV2
detection, and this may explain the relatively high values of Mn obtained 
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 Molecular weight parameters determined using both Method A and Method 
showed that M
B 
 
le 
n into 
ear to be more similar to 
ose of northern European swamp water fulvic acids (Perminova et al., 
 
n and Mw for DOC in Wanneroo raw water were relatively high 
when compared to published values for NOM from other sources.  For 
example, previously established values of Mn for the IHSS reference material
Suwannee River Fulvic Acid (SRFA) range from 1 160 – 1 385 Da, whi
those for Mw range from 2 114 – 3 120 Da (Perminova et al., 2003).  
Although comparison with published values is complicated by differences in 
methodologies (e.g. use of different calibration standards, mobile phase 
systems and HPSEC columns), even when these differences are take
consideration, values for Wanneroo raw water app
th
2003) and lake waters (Peuravuori and Pihlaja, 1997).  For example, the 
values for Mn and Mw for Nordic Reference Fulvic Acid were reported as 
being 3 870 Da and 6 100 Da, respectively, and these appeared to be typical
of waters from some Finnish lakes (Peuravuori and Pihlaja, 1997). 
 
Table 3.2.  Molecular weight parameters (Mn, Mw and ρ) for Wanneroo raw water 
(excluding Fraction 1) determined using two different HPSEC methods with two 
different detection methods. 
Detection method Mn Mw ρ 
Method A (OCD) 2 405 5 319 2.21 
Method A (UV254) 4 273 6 371 1.49 
Method B (UV254) 3 407 5 294 1.55 
 
The MW distribution of both UV254-active DOC and total DOC in Wanneroo 
raw water is broadly bimodal in nature, as shown in chromatograms using 
both UV254 detection and OCD (Figure 3.2a and Figure 3.3a).  The peak 
denoted as Peak 1 in these chromatograms represents material eluting at V
and this material is the principal cause of the high SUVA in this sample.  
Although the high MW and very high SUVA values of this peak are 
suggestive of humic substances that are highly aromatic, it is more likely th
this material is colloidal in nature, and may also comprise some inorganic 
substances.  Although samples were filtered  (0.45 µm Nylon membrane) 
prior to injection onto the HPSEC column, colloidal material is well known t
permeate membranes of much smaller pore size (Buesseler et al., 1996).  
0, 
at 
o 
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Previous workers (Huber and Frimmel, 1996, Schmitt et al., 2003) observed
similar characteristics in a German lake water sample, and attrib
similar early eluting fraction with high SUVA to inor
 
uted a 
ganic colloidal material 
hich would produce a UV254 signal due to light-scattering effects), 
um.  
ly 
ry: 
reciable 
f iron 
m 
 
tion 
l sulfur is a product of the oxidation of 
ulfide, but in the presence of organic matter, as occurs in the groundwaters 
hibited, and “dirty” sulfur is 
rmed instead (Heitz, 2002).  Dirty sulfur consists of liquid-like clusters of 
s 
 
s 
ure 3.2 and 
Figure 3.3) are more alike than the earlier-eluting fraction discussed above, 
but there are nevertheless some notable differences.  Peaks 2, 3 and 4, 
which elute as one unresolved peak in Figure 3.3a and three partly resolved 
peaks in Figure 3.2a, are likely to be enriched in humic substances of 
relatively high MWs (up to around 10 000 Da).  Humic substances are rich in 
(w
speculating that it may contain silicates, iron oxyhydroxides and alumini
The presence of colloidal material in this aerated raw water sample is entire
consistent with the composition of the source water and the sample histo
prior to aeration, the raw groundwater from this aquifer contains app
levels of sulfide, iron (II) and DOC and it is depleted in oxygen (<1 mg L-1).  
Thus, one potential source of colloidal material is from the formation o
oxyhydroxides from oxidation of ferrous iron in the aeration step.  Iron fro
this water source is strongly complexed with organic matter (Heitz, 2002), 
and precipitated iron would be associated with organic matter, which could
explain why some DOC was observed in this peak (Figure 3.3a).  
Alternatively, the material in Peak 1 may consist of sulfur species associated 
with organic matter, either in colloidal form as elemental sulfur or in solu
(partially oxidised sulfur compounds such as polythionates and polysulfides 
absorb at λ = 254 nm).  Elementa
s
in this study, the formation of crystalline sulfur is in
fo
cyclic sulfur (S6-S8), incorporating hydrophobic organic molecules.  This doe
not crystallize and separate from solutions in the same way that pure 
elemental sulfur does (Steudel, 1996).  Either colloidal sulfur in solution or 
dirty sulfur, both associated with organic matter, or colloidal iron associated
with organic matter could therefore produce the DOC and UV254 response
observed for Fraction 1. 
 
The later-eluting UV254-active and OCD peaks (Peaks 2-8 in Fig
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aromatic functional groups (Thurman, 1985), and these are easily detected 
by both OCD and UV254 detectors.  In our sample, the signals for Peaks 5-7 
are moderate using UV254 compared to OCD, and may thus comprise fulvic 
acids, conjugated unsaturated acids or keto-acids, as have been observed in 
previous studies (Huber and Frimmel, 1996, Specht and Frimmel, 2000).  
Peak 8 is comprised of DOC of the lowest MW, which eluted as a broad 
band of poorly resolved material that eluted with a long tailing peak.  This 
lowest MW DOC material is thought to be important in drinking water 
treatment as this material is reported to be poorly removed by conventional 
processes and considered to be bioavailable (Volk et al., 2000).  
Significantly, in this study, the UV254 detection method underestimated the 
relative proportion of this important fraction. 
 
3.3.3. Evaluation of Water Treatment Processes 
 
Analysis using both the HPSEC-UV254 (Figure 3.2a-e) and the 
HPSEC-UV254-OCD (Figure 3.3a-e) methods showed that significant 
proportions of the DOC in the aerated raw water were removed by the 
combined MIEX®-C process and by the EC process.  In order to 
quantitatively demonstrate the effects of these treatment processes on each 
of the DOC MW peaks shown in Figure 3.3, the concentration of DOC 
represented by each peak or group of peaks (Fractions 2-4) was also 
referentially removed the higher MW material, while MIEX® appeared to 
calculated, and the results are presented in Figure 3.5.  In general, the 
results in Figure 3.3 and Figure 3.5 show that the coagulation processes 
p
remove organic matter over a wide MW distribution, favouring the medium 
MW range. 
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Figure 3.5  DOC concentrations (mg L-1) in MW fractions from samples from the 
Wanneroo GWTP.  Values above bars represent DOC concentrations in each fraction 
(mg L-1). 
 
The highest MW components (Peaks 1 and 2) were very effectively removed 
by coagulation processes: there was no trace of this material in water that 
was treated by either of the two coagulation processes (Figure 3.2c and 
and Figure 3.3c and d); however, Peak 1 was poorly removed by the 
MIEX®-only step (Figure 3.2b and Figure 3.3b), and material in Peaks 2
3 was also more resistant to removal by the MIEX® process than by 
coagulation (Figure 3.2b and Figure 3.3b).  The poor removal of Peak 1 by
the MIEX® (Figure 3.2b and Figure 3.3b) process is consistent with 
suggestions that this fraction may be comprised of colloidal organic and 
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inorganic material, since colloids would not be removed by an anion 
exchange process, but are known to be very effectively removed by alum 
coagulation processes (Vrijennoek et al., 1998).  The increase in SUVA 
observed after treatment of raw water in the MIEX® process (Table 3.1) was
clearly due to the poor removal of Peak 1, and any effect from the other 
fractions was negligible in comparison.  This study illustrates the applicatio
 
n 
f HPSEC-UV254-OCD to improved understanding of water treatment 
since Peak 1 is probably colloidal material, it could 
e removed by alternative processes, such as nanofiltration, which, when 
C.  
 000 Da), enriched in humic 
nd fulvic hydrophobic material.  Much of the NOM in groundwaters from this 
robably 
f 
re 
y 
 
on 
 poor 
moval of these fractions in the MIEX® only process.  The hydrophobic, high 
nd 3 is 
, 
o
operations.  For example, 
b
combined with MIEX®, could give low SUVA values, comparable to MIEX®-
However, aggregate parameters, such as total SUVA, do not provide 
sufficiently detailed information to offer such insights. 
 
The observation that Peaks 2 and 3 were effectively removed by both 
coagulation processes, but poorly removed in the MIEX® only process, is 
also in agreement with the probable nature of the material within these 
fractions, i.e. DOC of intermediate MW (~5 000-7
a
region is thought to consist largely of tannin-derived substances, p
from condensed tannins (Heitz, 2002), which are composed predominantly o
phenolic moieties, with relatively minor carboxylic acid content.  As well the
could be significant lignin input from forested areas overlying the 
groundwater abstraction zone.  Kazpard et al. (2006) have shown in a stud
of a model humic acid, that hydroxy aromatic moieties are preferentially 
removed by alum coagulation, supporting the above observation.  Such
phenolic moieties would not be amenable to removal via the MIEX® i
exchange mechanism because they are likely to be present in their 
protonated (uncharged) form at the pH of treatment (7.0-7.5; pKa phenol = 
9.8 (Schwarzenbach et al., 1993 for example)), consistent with the
re
SUVA, high MW material that probably comprises most of Peaks 2 a
known to be well-suited to removal by alum coagulation, as was observed in 
the current study.  These observations were confirmed by the SUVA profiles
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presented in Figure 3.6a.  The SUVA profiles were constructed by taking the
UV
 
 
he 
t of 
e 
igh 
rbing 
n the 
ting how 
254 chromatograms and dividing the obtained signal by the signal obtained
from the OCD chromatogram using Method C.  These MW specific-SUVA 
profiles showed that coagulation treatment preferentially removed aromatic 
components, and that, while MIEX® treatment removed DOC, it did not 
remove aromatic compounds in preference to non-aromatic moieties.  T
SUVA profile of the MIEX®-treated water (Figure 3.6b) was lower than tha
the raw water (Figure 3.6a) over the entire MW range, but the shapes of th
two profiles were not markedly different.  Indeed, in the MIEX® treatment 
process, the removal of UV absorbing moieties appeared to be lowest at h
MW, in agreement with suggestions above that these high MW fractions 
(Peaks 2 and 3) are enriched in uncharged phenolic moieties, which would 
not be readily removed by the ion exchange process.  However, as 
expected, both of the coagulation processes removed the UV abso
species in the medium to high MW fractions much more effectively tha
MIEX® only process.  The SUVA profiles of both coagulation processes 
(Figure 3.6c and Figure 3.6d) were very similar, clearly demonstra
these similar processes removed similar DOC species. 
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an by EC (Figure 3.5), but since it was difficult to resolve this peak 
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es.  
h 
 
Figure 3.6  MW specific-SUVA chromatograms (Method C, 250 mm x 20 mm column
of water samples from the Wanneroo GWTP: a) RW, b) MIEX®, c) MIEX®-C, d) EC, e) 
clear water. 
 
Peak 4 appeared to be much more effectively removed by the MIEX® 
process th
fr
represented separately in Figure 3.5.  Preferential removal with MIEX® 
treatment suggests that the material in Peak 4 contained anionic speci
Material represented by Peaks 5-7 was removed to a similar extent by bot
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MIEX® and EC treatment (Figure 3.5).  This suggests that these fractions ar
probably enriched in negatively charged species such as carboxylic acid
and accordingly these anionic species of relatively low MW (1 000 – 
4 000 Da) should be readily removed by ion-exchange.  These low MW 
fractions (peaks 5-7) were also readily removed by EC.  Peak 8 was 
fraction that appeared to be poorly removed by both processes, and in fact 
the concentration of this fraction appeared to increase after MIEX
e 
s, 
the only 
ment 
s 
s 
er 
tage 
l 
 
 
uch as EC) was used in isolation.  
® treatment 
® treat
(Figure 3.2 and Figure 3.3).  However, quantification of this peak was not a
reliable as for the other peaks, since the chromatographic resolution for thi
peak was very poor due to strong interactions of the analytes with the 
HPSEC stationary phase.  If Peak 8 is indeed bioavailable, it would be 
significant in the water treatment context, and it would be beneficial to furth
develop the HPSEC analytical technique so that this material can be better 
resolved and detected.  These techniques would need to utilize OCD 
detection, since the material has very low SUVA. 
 
The MIEX®-only process outperformed EC in the removal of only one peak 
(i.e. Peak 4), but when MIEX® was followed with an alum coagulation s
(MIEX®-C), significantly lower DOC concentrations were obtained across al
MW fractions compared with EC.  The improved performance of MIEX® when
combined with other processes is consistent with previous observations 
(Drikas et al., 2003, Smith et al., 2003).  The application of alum coagulation
after MIEX® treatment appeared to render the coagulation process more 
effective than when the latter process (s
For example, even the peaks that were preferentially removed by EC (e.g. 
Peaks 2 and 3) were removed more effectively when MIEX
preceded the coagulation step (see Figure 3.5).  Chromatograms obtained 
using the analytical HPSEC column, in which Peak 3 is clearly separated 
from peak 4 (Figure 3.2), show that the UV254-active component of Peak 3 
could not be removed by either process in isolation: the UV254-active 
component of this peak was poorly removed by MIEX®-only and only 
marginally better removed by EC.  However, Peak 3 was almost totally 
removed by the combined MIEX®-C process.  Even though EC had been 
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optimised for maximum removal of DOC, the combined MIEX®-C process 
was still more effective at removing all fractions of DOC (including those th
were preferentially removed by EC) than either the MIEX
at 
, when combined with subsequent alum coagulation, proved 
 be by far the most effective treatment, removing the greatest amount of 
centrations achieved after MIEX®-C and EC treatments 
were 1.59 and 2.14 mg L-1, respectively, a difference of 0.55 mg L-1.  
According to results shown in Figure 3.5, almost 70 % of this differential 
portion of DOC can be attributed to Peaks 2-4 (i.e. the amount of DOC in 
Peaks 2-4 that was removed by MIEX®-C was 0.39 mg L-1 more than the 
amount of DOC in these fractions removed by EC).  Examination of 
chromatograms in Figure 3.2 and Figure 3.3 shows that Peak 2 was equally 
well removed by both processes, so the most important fractions in the 
context of the present discussion are Peaks 3 and 4, which fit within a narrow 
MW range (4 000 – 7 000 Da).   
 
3.3.4. HPSEC-Fluorescence Spectroscopy 
 
e of MW fractions (HPSEC-Flu) of the raw 
nd treated water samples was carried out using a multidetection system 
ve 
C-Flu 
353 
®-only or the EC 
process.  MIEX®
to
DOC over the greatest MW range, demonstrating the eminently 
complementary functions of these two processes. 
 
The present study confirmed previous results which showed that DOC 
removal using MIEX®-C surpassed that achieved using EC by about 25 % 
(Smith et al., 2003), but it also showed that most of the additional DOC 
removed by MIEX®-C comprised DOC of a surprisingly narrow MW 
distribution.  DOC con
Measurement of the fluorescenc
a
(UV254, followed by fluorescence and finally OCD), as described by (Her et 
al., 2003) (Method C).  The chromatograms from measurement of the fi
samples taken from the Wanneroo GWTP were analysed by HPSE
using an excitation wavelength of 282 nm and emission wavelength of 
nm to obtain a spectra representative of humic and fulvic acids and protein 
type structures (Her et al., 2003) and presented in Figure 3.7.   
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Figure 3.7  Chromatograms from HPSEC-Flu (Met 0 mm x 20 mm column, 
excitation wavelength of 282 nm and emission wa ength of 353 nm) of er 
samples from the Wanneroo GWTP: a) RW, b) MIEX , c) MIEX
hod C, 25
vel wat
®  
U is 
 
of 
mical sub-structures 
nd functionalities that were detected by these two methods.  Whereas 
SUVA tended to decrease with decreasing MW, especially in the raw and 
MIEX®-treated samples, in all samples, with the exception of the clear water, 
®-C, d) EC, e) clear water.
 
The specific fluorescence (SFLU) in each sample was then calculated.  SFL
the DOC-normalised fluorescence, obtained by dividing the fluorescence 
response (peak height) at a particular MW by the DOC response (peak
height) at that MW in the HPSEC-OCD chromatogram.  The MW profiles 
SFlu (Figure 3.8) were quite different to the SUVA profiles (Figure 3.6), 
demonstrating the distinction between the types of che
a
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the SFLU increased with decreasing MW, to a maximum around 750 Da, an
en decreased.  The SFlu in the raw water sample was relatively low at high 
0 Da, 
and the reasing MW from 750 Da (Figure 3.8a).  
he combination of low SFLU and high SUVA at relatively high MW 
 in 
igh 
se 
d 
th
MW (~5 000 Da), increasing rapidly to a broad maximum at 800 – 3 00
n decreasing steadily with dec
T
(5 000 Da) observed in this sample is consistent with similar observations
previous studies (Perminova et al., 1998).  Low SFlu combined with h
SUVA suggests the presence of aromatic substances with high structural 
rigidity, that is, high MW (Perminova et al., 1998).  The decrease in SFlu at 
low MW (<750 Da) agrees with other findings in the current study that the
fractions consist of compounds that contain lower relative amounts of 
aromatic or conjugated moieties than the higher MW fractions. 
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Flu chromatograms (Method C, 250 mm x 20 mm column) of water 
amples from the Wanneroo GWTP: a) RW, b) MIEX®, c) MIEX®-C, d) EC, e) clear water. 
-active substances in the clear 
® mple was much 
wer than the corresponding profiles from the coagulation processes.  The 
f 
) is 
 
Figure 3.8  MW S
s
 
While the MW profiles of DOC and UV254
water (CW) sample were an approximate average of those from the EC and 
MIEX -C process, surprisingly, the SFLU profile of the CW sa
lo
CW sample essentially comprised equal proportions of water exiting the 
MIEX®-C and the EC processes, and it was therefore expected that the 
quality of this water would be approximately representative of the average o
these two samples.  Water exiting the coagulation processes (i.e. clarifiers
filtered through conventional sand/anthracite filters and is then disinfected by
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chlorination prior to distribution (chlorine dose = 4.4 mg L-1).  Values of DO
and UV
C 
le 3.1), showing that the 
rocesses of filtration and chlorination did not significantly affect these 
ity characteristics.  However, chlorination can affect the 
uorescence characteristics of DOC by altering the molecular structure of 
 
le 
of 
city 
 
as highlighted, 
specially with regard to the very high MW peaks most likely comprised of 
l concentrations of DOC.  Here the 
verestimation by UV254 detection of the relative amounts of DOC, likely due 
d 
the ee of 
conjug n 
peaks, particularly those in the mid MW range.   
 
The ad
‘prepa olumns was demonstrated for the MW determination of 
NO o
eight s
while P and 4 in the raw water and Peaks 3 and 4 in the treated 
aters were left unresolved using a preparative HPSEC column.  This was 
particularly important for comparing the two treatment strategies at the 
254 for the CW sample were close to the average of those in the 
samples from treatment by MIEX®-C and EC (Tab
p
aggregate water qual
fl
aromatic and/or other moieties, changes which would not necessarily be
detectable by alternative methods such as SUVA or total DOC (Skoog, 
1982).  The substantial decrease in fluorescence observed in the CW samp
probably occurred as a result of substitution of bromine or chlorine atoms 
onto aromatic or heterocyclic rings within the DOC.  The SUVA profile for this 
sample was only marginally lower than that expected from equal mixing 
water from MIEX®-C and EC, suggesting that only a minor loss of aromati
occurred (i.e. substitution of halogens predominated over ring cleavage).
 
3.4. Conclusions 
 
In this comparative study, the advantage of OC detection w
e
inorganic colloids complexed to smal
o
to light scattering in the UV detector from the colloidal material, highlighte
 need for OCD detection.  Also, when the aromatic content or degr
ation is low, UV254 detection underestimated the contribution of certai
vantage of smaller ‘analytical’ scale columns compared to 
rative’ scale c
M f both raw and treated waters.  Separation of MW components into 
emi-resolved peaks using analytical HPSEC columns was possible, 
eaks 2, 3 
w
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Wanneroo GWTP as Peaks 3 and 4 were the most important in the 
comparisons of the MIEX® and coagulation processes.  Combining mu
detectors for HPSEC analysis was particularly use
ltiple 
ful as information on the 
tructure of material in each MW component could be obtained.   
Importa
evaluation of water treatment process at the Wanneroo GWTP demonstrated 
ome key outcomes.  The highest MW fraction, significantly overestimated 
 
ly easily removed by 
oth conventional and enhanced coagulation, but only partially removed after 
re 
this 
 
 
s
 
ntly, using OCD in combination with UV254 detection for the 
s
by UV254 detection, was shown to contribute a minor percentage of the total
DOC when using OCD.  Also, this fraction was relative
b
MIEX® treatment.  The next largest MW DOC peaks (Peaks 2 and 3 in Figu
3.3) were also completely removed by both coagulation processes, but again 
were poorly removed after treatment by the MIEX® process.  The DOC 
represented by peak 4 (Figure 3.3) was the MW fraction most effectively 
removed after MIEX® treatment, far more effectively than after enhanced 
coagulation treatment.  Interestingly, treatment with conventional coagulation 
following MIEX® treatment further increased the removal of Peak 4 in the 
HPSEC-UV254-OCD chromatogram (Figure 3.3), compared to enhanced 
coagulation, indicating MIEX® treatment somehow altered the nature of 
material making it more amenable to removal by alum coagulation.  The
remaining DOC was removed to similar degrees by the combined 
MIEX®-coagulation process and the enhanced coagulation process.  
Treatment of the raw water with MIEX® resin followed by alum coagulation
outperformed enhanced coagulation by approximately 25 % but, 
interestingly, the increased performance was confined to a relatively small 
MW range of 4 000 – 7 000 Da.
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4. DEVELOPMENT OF A DISSOLVED ORGANIC CARBON 
DETECTOR FOR USE WITH HPSEC 
 
The material in this chapter has been published in: 
 
Allpike, B.P., Heitz, A., Joll, C.A. and Kagi R.I. (2007) A New Organic Ca
Detector for Size Exclusion Chromatography. Journal of Chromatograp
1157, pp 472-476 
 
rbon 
hy A, 
; 
u and 
hat 
thod are 
nreliable.  For these reasons, organic carbon detectors (OCD) have been 
lop tems (Huber and Frimmel, 1991, Vogl and 
mel, 2000, Her et al., 2002a, Her et al., 
002b).  The advantage of these methods is that the detector signal is 
irre e on species can be 
det
 
Se a oncentrations of OC using HPSEC 
hav , 1991, Vogl and 
Heumann, 1998, Specht and Frimmel, 2000, Her et al., 2002a, Her et al., 
4.1. Introduction 
 
A major limitation of many previous studies in which HPSEC has been used 
to investigate NOM is that UV absorbance was used to determine the 
concentration of DOC (e.g. Rausa et al., 1991, Peuravuori and Pihlaja, 1997, 
Vuorio et al., 1998, Myllykangas et al., 2002)  The response of these 
detectors is highly dependent on the chromophores present in the analytes
the signal strength of those analytes with chromophores is a product of the 
extinction coefficient of the chromophores as well as the amount of material 
present.  Analytes without chromophores are simply not detected.  Zho
co-workers (2000) investigated the effect of increasing UV detector 
wavelength on the response of aquatic NOM in HPSEC-UV.  They found t
the calculated Mn and Mw values increased with increasing detector 
wavelength, illustrating further how MW determinations by this me
u
deve ed for use with HPSEC sys
Heumann, 1998, Specht and Frim
2
directly proportional to the concentration of organic carbon (OC) and that, 
sp ctive of functionality; any type of organic carb
ected. 
ver l systems for detection of trace c
e been described previously (Huber and Frimmel
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200 nd 
rimmel, 1991, Specht and Frimmel, 2000, Her et al., 2002a, Her et al., 
of 
e CO2 produced), followed by wet chemical (UV-persulfate) oxidation of the 
organic carbon to produce CO2, which is then analysed using a non-
ispersive infrared (NDIR) detector (Huber and Frimmel, 1991, Specht and 
rimmel, 2000) or a conductivity detector (Her et al., 2002a, Her et al., 
followed by ICP for detection of 
rganic carbon (Vogl and Heumann, 1998), but problems associated with 
CO2 contamination in the argon used for inductively coupled plasma-mass 
 capital 
ipment em.  The 
ed 
of 
 
, which is compatible with preparative scale and smaller scale 
olumns, is described.  The detector retains the simplicity of the design by 
Specht and Frimmel (2000), but uses a ‘lightpipe’ Fourier transform infrared 
(FTIR) cell.  The lightpipe was chosen as the detector for CO2 because of its 
small internal volume, and high sensitivity, minimising sample volumes and 
analysis time, while maintaining chromatographic integrity. 
 
4.1.1. Oxidation of Dissolved Organic Carbon Using UV/Persulfate  
 
Oxidation of DOC to CO2 and subsequent measurement of the CO2 in real 
time was the critical step in the design of the OCD in this study.  In the 
analysis of water samples for DOC, oxidation is typically achieved by 
addition of the strong oxidant, persulfate, and exposure of the sample to a 
high power mercury discharge lamp.  There are four subcategories of UV 
radiation; UV-A (400-315 nm), UV-B (315-280 nm), UV-C (280-200 nm) and 
vacuum UV (200-100 nm) (Backlund, 1992).  Shorter wavelengths imply 
higher energies and thus higher potential to destroy NOM (Kulovaara et al., 
2b).  The principle of operation of three of the four systems (Huber a
F
2002b) involves removal of inorganic carbon (by acidification and removal 
th
d
F
2002b).  The fourth system used HPSEC 
o
spectrometry (ICP-MS) detection of organic components and the high
cost of the equ  have prevented further uptake of this syst
most commonly used system, developed by Huber and Frimmel (1991), us
an elegant thin-film reactor for very efficient conversion of OC to CO2, 
followed by detection by NDIR spectroscopy.  This system is well proven, but 
has not been widely adopted, possibly due to the high cost and complexity 
the instrument.  In this chapter, a new detector for use with high performance
HPSEC
c
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1996).  The optimal germicidal effect has been found at ≤260 nm (Back
1992, Frimmel, 1994, Kulovaara et al., 1996, Frimmel, 1998) and for this 
aso
lund, 
n mercury discharge lamps are effective sources of UV radiation for 
ure 
lamp is 
 
ury inside the 
lamp (medium pressure), which produc  a broader emission spectrum as 
re
this application. 
 
The most common lamp used for oxidation of aquatic NOM is a low press
mercury discharge lamp.  Low pressure mercury lamps produce a sharp 
emission line at 253.7 nm only when the pressure of gas inside the 
low (≤ 10 Torr); however, the output power of these lamps (~40 W) is also 
relatively low (Bolton, 2001).  To increase the power of mercury discharge
lamps (≥ 300 W) it is possible to increase the pressure of merc
es
shown in Figure 4.1. 
 
Figure 4.1  Relative Spectral emittance from low pressure and medium pressure 
lamps.  (Taken from Bolton, 2001). 
 
The consequence of increasing the pressure of mercury inside the lamp is 
at a high percentage of UV light is produced at higher wavelengths.  
Backlund (1992) states that the effective range of UV radiation for 
destruction of organic compounds is below 310 nm.  Using a medium 
pressure mercury lamp results in a large amount of radiation being wasted in 
respect to destruction of organic bonds; however, compared to a low 
th
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pressure lamp there is considerably more UV radiation below 310 nm 
suggesting greater potential for oxidation of organic compounds.  Another 
possibility for UV treatment of organic compounds is Excimer lamps.  
Excimer lamps operate similar to mercury discharge lamps except they are 
filled with a molecular dimer rather than mercury gas.  These dimers produce 
an intense narrow band of UV light at a specific wavelength, for example 
Xenon Excimer lamps produce UV radiation at 172 nm (Osram, 2007). 
 
Understanding the oxidation of aquatic NOM with UV light, however, is 
hampered by the poorly defined structure of the material.  Aquatic NOM has 
strong spectral absorbance in the UV range.  On a molecular level, this leads 
to electronically excited states and photochemical reactions.  The main 
pathways of UV reactions or photoreactions involving NOM are transfers of 
energy to form reactive species and further reactions to form radicals.  The 
multifunctional character of NOM leads to reactions with these radicals 
resulting in rearrangements and eventual degradation to CO2 (Frimmel, 
1994) (Figure 4.2)   
 
 
M′′are NOM with slightly different structures) (Adapted 
om Frimmel, 1994). 
(SO4  + e  → SO4  , Eº = 2.5-3.1 V; (Anipsitakis and Dionysiou, 2004) than 
NOM* 
 
Figure 4.2  Pathway of photoreactions of NOM (NOM* = NOM at an excited state; hv =
UV irradiation; NOM′ and NO
NOM′
NOM NOM′′
CO2
Reactive 
species 
radicals 
hv 
fr
 
The addition of persulfate to the system aids the oxidation of NOM through 
the formation of more radical species.  Dogliotti and Hayon (1967) described 
the persulfate ion as an efficient oxidant of organic compounds due to the 
formation of free radical sulfate ions which have a higher redox potential 
- • - 2-
the hydroxide radical (•OH + e- → OH-; E°= 1.985 V; (Anipsitakis and 
Dionysiou, 2004).  The radical-forming reaction is shown in equation 4
below (Anipsitakis and Dionysiou, 2004).  It is this combination of radical 
reactions that results in the oxidation of NOM to CO
.1 
2. 
 
S
O O
O O
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O O
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4.1.2. Methods for Removal of Ino
4.1 
rganic Carbon in HPSEC with 
Organic Carbon Detection 
m easurements is the 
qua of inorgan g. bicarb
carbonate) from the mobile phase
and Frimmel, 1991).  The addition of an acid to lower the pH to ifts the 
equilibrium in favour of the formation of CO2, which is then removed.  A 
number o ods have been deve to remove the resulti 2 from 
the aqueous stream.  In the case of the thin film reactor develo  Huber 
and Frimm 991), the mobile phas am is acidified with 
orthophosphoric acid prior to entering the oxidation chamber.  In the 
hamber a shielded section of the reactor exists where no UV light is allowed 
pecht and Frimmel (2000) later developed an HPSEC-OCD detector which 
r 
2
 
One of the biggest proble
ntitative removal 
s in high-sensitivity OC m
ic carbon (IC) (e. onate and 
 stream exiting the HPSEC column (Huber 
≤ 2 sh
f meth loped ng CO
ped by
el (1 e stre
c
to pass.  Here the mobile phase is sparged with nitrogen gas, removing CO2 
from solution.  The mobile phase stream then passes into the section of the 
reactor not shielded from UV light and oxidation of organic species occurs.  
S
used an alternative technique for removing primary CO2 and carbonaceous 
salts.  Firstly the sample is acidified with orthophosphoric acid and then 
nitrogen gas introduced.  The removal of the CO2 and nitrogen is achieved in 
an open chamber, where the liquid sample falls under gravity.  The gas 
mixture containing inorganic CO2 and nitrogen is then able to exit to the 
atmosphere.  The mobile phase stream is then transported to the remainde
of the system using a peristaltic pump.  Other methods for removing CO  
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from a liquid phase involved the use of hydrophobic membranes such as 
PTFE.  Her and co-workers (2002a, 2002b) utilised hollow fibre membranes 
(HFM) which were used as a bundle containing approximately 50 individual 
ening at 
 
e 
TIR 
tion of the system for determining DOC concentrations was 
conducted. 
1. 
ebruary 2004 and prepared as outlined in Section 
.2.1. 
HFM fibres in a polycarbonate housing.  The housing had an op
either end to allow the liquid to flow and also two openings at the top of the 
housing.  A negative pressure was applied to one opening and CO2 free dry
gas passed through the other as a result of the negative pressure.  Th
effect was that CO2 dissolved in the liquid phase passed through the 
hydrophobic membrane due to equilibrium effects while the liquid phase 
flowed out of the other end of the unit. 
 
4.1.3. Scope of Study 
 
In the current study, an organic carbon detector for use with HPSEC was 
developed.  Following separation of the NOM in various MW fractions and 
detection by UV254, each section of the system was optimised.  This included 
removal of inorganic species, oxidation of the organic component to CO2, 
removal of produced CO2 from solution and detection of CO2 by an F
lightpipe detector.  As well, statistical parameters were determined and 
calibra
 
4.2. Experimental 
4.2.1. Samples 
 
Glassware was cleaned according to the procedure outlined in Section 2.2.
 
A sample of water was taken after aeration at the Wanneroo GWTP 
(WGWTP) on the 2nd F
2
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4.2.2. Materials and Methods 
4.2.2.1. Ultra-pure Laboratory Water 
 
Purified water was obtained as outlined in Section 2.2.2.1. 
 
This water was then transferred to a 10 L glass UV reactor system to obtain
“ultra-pure laboratory water”.  The ultra-pure water system comprised a UV 
lamp (U-lamp, Australian UV Services, Australia), a nitrogen sparg
PTFE coated magnetic stirrer bar.  Water was left in the container for 24
hours to allow all organic material to be oxidised to CO
 
e and a 
 
oating to contain the UV radiation.  This ultra-pure laboratory 
ater was used for the preparation of all reagents and standards used for 
C-UV254-OCD system.   
r 
nivar) 
 for 
 to 
hree different HPSEC columns were utilised during this investigation:  
2.  The container had 
a reflective c
w
construction of the HPSE
 
4.2.2.2. Reagents 
 
The HPSEC mobile phase consisted of phosphate buffer (10 mmol L-1, 
1.36 g L-1 KH2PO4 (Sigma-Aldrich), and 10 mmol L-1, 3.58 g L-1 Na2HPO4 
(Sigma-Aldrich)) at a pH of 6.85.  The ‘semi-preparative’ column was used 
for the majority of testing due mainly to shorter analysis times but also fo
reasons that will be described in Section 4.3.  Orthophosphoric acid (U
was added to the sample stream to convert inorganic carbon into CO2.  
Sodium persulfate solution (Aldrich chemicals) was added to the sample 
stream before it entered the UV chamber to aid the oxidation of organic 
carbon to CO2.  High purity nitrogen (BOC) was used as the sparging gas
removal of CO2 produced in the oxidation of OC.  Industrial grade nitrogen 
(BOC) was used to cool the UV lamp and maintain an inert environment
eliminate the formation of ozone gas inside the chamber. 
 
4.2.2.3. HPSEC Column Systems 
 
T
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o an ‘analytical’ scale TSK G3000SWxl column (7.8 mm internal 
diameter, 300 mm length, mean particle size 5 µm, pore size 250 Å, 
Tosoh BioSep, Japan),  
rl, 
Japan) and  
o parative’ scale s column (internal diameter 10 mm, 
 mm, iz po To
 
 
An HP 1050 series II pump with a Rheodyn 25i 6-po tion valv  
a filter photodiode UV abso lter 
controlled with Chemstation software was used.   
ide 
4.3; 
mp 
 
a 
 
ternal diameter of approximately 1 µm and a length of 100 mm housed in a 
s 
t 
 
o a ‘preparative’ scale HW 50s column (internal diameter 22 mm, 
250 mm length, mean particle size 30 µm, pore size 125 Å, Toyopea
 a ‘semi-pre HW 50
length 250 mean icle s part e 3 µ , 0 m re s  Å, ize 125 yo rl, pea
Japan).  
e 71 rt injec e and
rbance detector (FPD) with a 254 nm fi
 
4.2.3. Organic Carbon Detector Development: Wet Chemistry System 
for Oxidation of Dissolved Organic Carbon and Carbon Diox
Removal 
 
Details of construction of the detection system will be given in Section 
individual components are described in this section.   
 
Sodium persulfate and orthophosphoric acid solutions were dosed into the 
eluent stream exiting the HPSEC column using a dual channel syringe pu
(Harvard Instruments, USA) fitted with 50 mL gas tight syringes (SGE). 
Removal of CO2 produced from inorganic carbon was accomplished using 
hydrophobic hollow fibre membrane (HFM) bundle (Sievers Instruments Inc., 
USA).  The HFM bundle consisted of about 50 individual membranes with an
in
polycarbonate compartment.  A D-Lab diaphragm pump (BOC Edwards) wa
used to apply 75 Torr of vacuum inside the polycarbonate housing, bu
external to the HFM bundle, to encourage transport of CO2 across the 
membrane while restricting transport of any liquid.  Oxidation of organic
carbon was achieved by UV radiation from either a 300 W medium pressure 
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UV lamp (1200 mm length, Wedeco, USA) or an 30 W vacuum UV lamp 
(300 mm length, Australia UV Services, Australia) when effect of UV lig
oxidation efficiency was being tested.  The lamp was encased in a PVC tub
(1 200 mm x 150 mm diameter for medium pressure lamp and 300 mm
150 mm diameter for vacuum UV lamp), as discussed in Section 4.3.  CO
ht on 
e 
 x 
rge 
td, 
E 
 
y) 
.   
ell 
 a 
as 
ectly 
 W medium pressure UV lamp.  The sample stream was then 
urged with nitrogen (5 mL min-1) and then passed through two Genie 
O2 produced from the oxidised OC and the nitrogen purge gas from the 
2 
derived from oxidation of the DOC was recovered using a nitrogen spa
and subsequent separation using two Genie model 170 (Mott Pacific Pty L
Australia) membrane separators in series fitted with a hydrophobic PTF
0.45 µm membrane (Alltech, Australia).  Detection of the CO2 derived from
the oxidation of DOC was achieved using an IFS-55 FTIR (Brűker, German
spectrometer fitted with a lightpipe GC accessory (Brűker, Germany).  Opus 
software was used to control the IFS-55 and to collect data.  
 
4.2.4. Standard HPSEC Operating Conditions 
 
Throughout this study, the following standard operating conditions were 
applied except where indicated otherwise.  The column system was a 
‘semi-preparative’ scale HW 50s column (internal diameter 10 mm, length 
250 mm, mean particle size 30 µm, pore size 125 Å, Toyopearl, Japan)
The mobile phase consisted of a 20 mmol L-1 phosphate buffer (10 mmol L-1 
Na2HPO4 + 10 mmol L-1 K2HPO4) at a flow rate of 1 mL min-1 and injection 
volume of 2 mL.  The chromatographic signal was detected by UV254 as w
as an OCD system.  The eluent from the UV254 detector was acidified with 
orthophosphoric acid (20 mmol L-1) at 10 µL min-1 and then passed through
HFM bundle to remove IC.  Following removal of IC, the sample stream w
dosed with persulfate solution (0.84 mmol L-1) at 10 µL min-1.  The sample 
stream then travelled through a 1 200 mm quartz capillary positioned dir
alongside a 300
p
membrane separators.  These Genie gas-liquid separators separated the 
C
aqueous stream.  This gas mixture was then directed through the FTIR 
lightpipe, where the produced CO2 was detected and quantified. 
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 4.3. Results and Discussion 
4.3.1. HPSEC-OCD System 
 
The developed HPSEC-OCD system comprised the following components: 
 o  the HPSEC column,  
,  
n FTIR-lightpipe.  
 
A flow diagram of the HPSEC-OCD system layout is shown in Figure 4.3. 
 
 
Figure 4.3  Layout of HPSEC-OCD system. 
 
4.3.2. Removal of Inorganic Carbon  
otential interference from CO2, carbonate and bicarbonate in the sample 
er 
o separation of DOC n
o detection of DOC by non-destructive methods such as UV254
o removal of IC,  
o online oxidation of OC to CO2,  
o separation of CO2 from the liquid phase and  
o detection of CO2 derived from the OC, using a
 
HPLC SEC Column UV254  detector Orthophosphoric acid
HFM bundle Inorganic CO2
PersulfateUV radiation cell
2 stage 
membrane 
separation 
Liquid waste 
Organic CO2 detected by FTIR Data processing
N2 
 
One of the biggest problems in high-sensitivity OC measurements is 
p
(Huber and Frimmel, 1991).  Using HPSEC, these species elute at long
retention times, partly co-eluting with the later eluting, lower MW organic 
material, as illustrated in Figure 4.4.  If the IC is not effectively removed prior 
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to oxidation of the organic component, the concentration of organic matter 
eluting in this region will be overestimated, potentially leading to substant
errors. 
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Figure 4.4 Interference in HPSEC-OCD caused by inorganic carbon species, a) 
inorganic carbon not removed, b) inorganic carbon removed.  Chromatograms were 
obtained using a semi-preparative column and conditions as described in Section 
4.2.4. 
 
The method employed for removal of carbonaceous salts in the sys
described here was based on conversion of these salts to CO2, follow
transfer of the gas through a hollow fibre membrane (HFM) bundle.  The 
method is similar to that used by Her and co-workers (2002b).  The sampl
was first acidified to pH ≤ 2 with orthophosphoric acid to convert all 
carbonates and bicarbonates to CO2 and then passed through a HFM made 
from hydrophobic materials (PTFE) that do not allow the passage of bulk 
water.  A schematic of an HFM bundle is shown in Figure 4.5. 
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Figure 4.5  Scheme of HFM bundle used for removal of inorganic carbon. 
 
The dose of orthophosphoric acid is a controlling factor in regard to the 
removal of carbonate and bicarbonate from the water sample.  Figur
illustrates the effect of dosing orthophosphoric acid at a range of 
concentrations in a sample of aerated raw water
e 4.6 
 from the WGWTP using the 
semi-preparative HW 50s column.  The inorganic constituents eluted 
between approximately 12 and 18 minutes (shaded area of Figure 4.6): at 
low phosphoric acid concentrations the signal from the low MW organic 
compounds was completely overwhelmed by the interfering IC signal.  In 
order to determine the optimal concentration for removal of IC, the mobile 
phase stream was dosed with a range of concentrations of orthophosphoric 
acid (0, 3.5, 8.5, 12.8, 17, 20, 25.5 and 29.8 % w/v).  The acid was dosed at 
1 mL min-1 at a flow rate of 10 µL min-1, resulting in concentrations in the 
sample stream of 0, 3.7, 8.6, 13.1, 17.4, 20.0, 26.0 and 30.4 mmol L-1 
respectively.   
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) 13.1 
 as 
.  
the concentration was increased to 13.1 mmol L-1 (Figure 4.6d).  
Figure 4.6  Influence of orthophosphoric acid concentration on removal of inorganic 
carbon species.  Shaded area represents portion of chromatogram where IC eluted.  
Acid concentrations in solution: a) 0 mmol L-1, b) 3.7 mmol L-1, c) 8.7 mmol L-1, d
mmol L-1, e) 17.4 mmol L-1, f) 20.0 mmol L-1, g) 26.0 mmol L-1, h) 30.4 mmol L-1.  
Chromatograms were obtained using a semi-preparative column and conditions
described in Section 4.2.4. 
 
Increasing the concentration of orthophosphoric acid from 3.7 mmol L-1 to 
20.0 mmol L-1 showed a progressive decrease in the IC signal (Figure 4.6)
The improvement in removal of IC was considerable between 3.7 mmol L-1 
(Figure 4.6b) and 8.7 mmol L-1M (Figure 4.6c) with further improvement 
when 
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Further increases to 20.0 mmol L-1 (Figure 4.6f) again increased the removal 
of inorganic carbon but no further improvement in removal of IC was 
observed at concentrations greater than 20 mmol L-1 (i.e. at  26.0 mmol L-1 
(Figure 4.6g) and 30.4 mmol L-1 (Figure 4.6h)).  The improvement in removal 
of IC from the sample by increasing the concentration of orthophosphoric 
acid is further illustrated in Table 4.1 where each chromatogram has been 
integrated to give the area under each curve, an indication of detected 
carbon, either inorganic or organic.  Orthophosphoric acid would not be 
expected to oxidise the organic component of the sample so any reduction in 
area is due to the removal of the IC. 
 
Table 4.1  Influence of orthophosphoric acid concentration on integrated area of each 
chromatogram obtained in Figure 4.6. 
Acid Concentration in 
sample stream 
(% w/v) 
Acid Concentration in 
sample stream 
(mmol L-1) 
Integrated area 
(arbitrary units) 
0.0 0.0 13.2 
3.5 3.7 23.5 
8.5 8.7 15.0 
12.8 13.1 14.4 
17.0 17.4 13.2 
20.0 20.0 12.7 
25.5 26.0 12.8 
29.8 30.4 12.7 
 
Table 4.1 confirms the above observation that there is a decrease in area up 
to a concentration of 20.0 mmol L-1.  Further increases in the concentratio
of orthophosphoric acid had no effect on the removal of IC from the sample. 
 
An interesting observation from this experiment is the increase in area 
observed when the concentration of orthophosphoric acid in the sample
stream was increased from 0 mmol L
n 
 
pected 
g 
-1 to 3.7 mmol L-1.  It might be ex
that the initial addition of acid would lead to removal of IC and result in a 
lower integrated area.  In fact, the integrated area almost doubled, increasin
from 13 to 23 units, indicating the acid being added to the sample stream 
had some effect on the oxidation of OC inside the oxidation reactor.  This 
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phenomenon was attributed to the acid catalysed formation of persulfate 
radicals in the oxidation cell, which will be discussed further in Section 4.
 
By passing the sample through a HFM bundle and utilising an 
orthophosphoric acid concentration of 20.0 mmol L
3.3. 
re chosen for future analyses, because at this 
concentration, effectively all of the IC was removed from the sample.  To 
 in the form of carbonate and 
icarbonate, were added to ultra-pure laboratory water.  Figure 4.7 shows 
 
 
-1, greater than 99 % of 
the IC was removed from solution.  Removal of IC at these levels enabled 
OC measurements to be determined with considerable accuracy.  An 
orthophosphoric acid concentration of 20 % v/v or 20.0 mmol L-1 in the 
sample stream was therefo
confirm these observations, a further set of experiments was carried out 
using synthetic water samples where IC,
b
the effect of IC removal of a 100 mg L-1 and 5 mg L-1 solution of IC (50 % 
carbonate and 50 % bicarbonate).  Both samples were passed through the
HFM bundle and then the rest of the OCD system, both with and without the
addition of 20 mmol L-1 orthophosphoric acid.  The effect on peak area was 
used to evaluate the removal of IC.  No column was used for these 
experiments.  All other experimental conditions were as described in Section 
4.2.4. 
Chapter 4 131
1 2 3 4
0.00
0.05
0.10
0.15
0.20
O
C
D
 re
sp
on
se
Time (min)
 a) 100 mg L-1 IC
 b) 5 mg L-1 IC
 c) 100 mg L-1 IC + 20 mmol L-1 H3PO4
 d) 5 mg L-1 IC + 20 mmol L-1 H3PO4
 
Figure 4.7  Removal of inorganic carbon using a orthophosphoric acid concentration 
of 20.0 mmol L-1 and a HFM bundle a) 100 mg L-1 inorganic carbon, b) 5mg L-1 
inorganic carbon, c) 100 mg L-1 inorganic carbon dosed with 20.0 mmol -1
-1
 L  
rthophosphoric acid and passed through HFM bundle, d) 5 mg L  inorganic carbon 
with 20.0 mmol L-1 orthophosphoric acid and passed through HFM bundle.  The 
m 
ic 
.3.3. Oxidation of Organic Matter Using Persulfate and UV Treatment 
he key process in the operation of the OCD in this study was oxidation of 
oval of 
s 
 
o
dosed 
signal was collected using conditions as described in Section 4.2.4. 
 
From Figure 4.7 it is apparent that both 100 ppm (Figure 4.7a) and 5 pp
(Figure 4.7b) of IC were easily detected by the system.  Following 
acidification and passage through the HFM, effectively all of the inorgan
carbon was removed. 
 
4
 
T
the OC in the mobile phase to CO2.  This process occurs after the rem
the IC component from the mobile phase stream.  The CO2 produced in thi
way can then be detected using a suitable detection system, in this case an
FTIR spectrometer with lightpipe accessory.  This provides an indirect 
measurement of the concentration of OC in the mobile phase. 
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 The critical factors in oxidation of OC by the UV/persulfate method are
amount and type of UV light to which the sample is exposed, the amount of 
persulfate present to assist in the oxidation process, and the pH.  
Wavelengths below 260 nm (UVC and vacuum UV) are optimal for the 
destruction of organic bonds (Backlund, 1992, Frimmel, 1994, Kulovaara et 
al., 1996).   
 
 the 
4.3.3.1. UV Radiation 
acuum UV source capable of producing UV radiation at both 254 nm and 
0 W 
 the 
e 
. 
 
Two sources of UV radiation were compared for their ability to oxidise 
organic compounds containing various functional groups to CO2.  A 30 W 
v
182 nm (80 % at 254 nm and 20 % at 182 nm) was compared with a 30
medium pressure UV source producing UV radiation over a wide range of 
wavelengths (Table 4.2).  The compounds tested were those that were 
selected by Specht (2000) to test the oxidation capacity of a similarly 
designed HPSEC-OCD system.  The capacity of each UV source to oxidise 
these compounds to CO2 is shown in Table 4.2.  In these experiments,
compounds were dissolved in the mobile phase at a concentration of 10 
mg L-1 DOC before direct injection into the OCD system (i.e. without first 
passing through an HPSEC column; flow rate: 1 mL min-1, injection volume: 
2 mL).  The peak area of the selected model compound was calibrated 
against potassium hydrogen phthalate at a range of concentrations and the 
percentage of oxidation was calculated as the detected amount of DOC.  Th
method used for calibration of the system is outlined in Section 4.3.7
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Table 4.2  Oxidation efficiency of the medium pressure UV lamp and the vacuum U
lamp measured on seven organic compounds (DOC = 10 mg L-1.  The signal was 
collected using conditions described in Section 4.2.4.  Peak areas were calibrated 
against potassium hydrogen phthalate (Section 4.3.7). 
Medium pressure UV 
lamp Vacuum UV lamp 
V 
Compound 
% oxidation % RSD % oxidation % RSD 
Oxalic acid 99.9 2.0 104.3 3.0 
Dextran 90.0 3.0 88.0 7.0 
Glucose 99.8 1.9 104.9 3.5 
Tannic acid 73.5 7.7 54.4 10.6 
Urea 98.3 1.1 86.5 5.6 
Thiourea 58.4 3.0 28.6 3.2 
EDTA 105.2 6.3 99.9 2.6 
 
From Table 4.2 it is clear that oxalic acid, glucose and EDTA were all readily 
oxidised by both systems.  These results agree with those observed by 
pecht et al. (2000) who also found that oxalic acid, glucose and EDTA were 
nt.  
00) also 
 
ea increased to >100 %.  
 
As demonstrated in Table 4.2, the medium pressure UV lamp was superior 
to the vacuum UV lamp in terms of oxidation of the selected organic 
compounds, probably because of its higher power output (300 W vs. 30 W 
for the vacuum UV lamp).  Although the vacuum UV lamp emits a high 
percentage of its radiation at or below 260 nm, considered ideal for oxidation 
of organic compounds (Backlund, 1992, Frimmel, 1994, Kulovaara et al., 
1996, Frimmel, 1998), the total amount of radiation emitted below this 
wavelength is substantially greater for the medium pressure UV lamp (see 
S
detected at recoveries of > 90 %.  However, dextran, tannic acid and 
thiourea were not completely oxidised by either system, although the 
medium pressure UV source oxidised these compounds to a greater exte
Urea, while almost completely oxidised by the medium pressure UV source, 
was only partially oxidised by the vacuum UV lamp.  Specht et al. (20
found that tannic acid and thiourea were not completely oxidised using a 
similarly designed HPSEC-OCD system, with 70 % and 48 % recovery 
respectively for these two compounds.  However these authors found that 
when using a commercial DOC detector (Shimadzu TOC 5000) the recovery
of tannic acid increased to 80 % and that of thiour
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Figure 4.1).  In addition, the medium pressure lamp is 600 mm longer, 
resulting in a considerably longer exposure time.  The effect of exposure time 
will be described later in this section.  Previous work on the photolytic 
degradation of pharmaceutical compounds compared the performance of 
medium pressure and low-pressure UV sources (Pereira et al., 2007).  
Although in this study it was acknowledged that UV radiation at 254 nm is 
optimal for oxidation of organic compounds (most of the UV light from the 
vacuum UV lamp is at this wavelength), the considerably greater UV intensity 
between 200 and 280 nm was shown to be more beneficial for the oxidation 
of the tested compounds (Pereira et al., 2007).  In a separate study 
Buchanan et al. (2005) investigated the performance of low pressure UV and 
vacuum UV treatment on the oxidation of fractionated NOM.  While the study 
of these fractions did not provide data on individual organic compounds, 
certain trends were evident by comparing this study with the work on model 
compounds in the current research.  In the work of Buchanan et al. (2005), 
NOM was separated into four fractions termed very hydrophobic acids 
ot 
 thesis but still provided 
 
0.21, 0.42, 0.84, 1.26, 2.1 and 2.52 mmol L-1 of persulfate in the sample 
(VHA), slightly hydrophobic acids (SHA), charged (CHA) and neutral (NEU) 
fractions.  The fractions were irradiated in a batch process, which was n
irectly comparable to the on-line method in thisd
useful information.  Only the VHA fraction was significantly oxidised after 15 
minutes of contact, while the other three fractions were less unaffected by 
UV oxidation even after 300 minutes of contact (Buchanan et al., 2005).  
From this study it would seem that organic compounds comprising NOM are 
not completely oxidised using vacuum UV treatment, even at extended 
contact times. 
 
4.3.3.2. Effect of Persulfate on the Oxidation of Organic Compounds 
 
The concentration of persulfate in the sample stream is another factor that 
can influence the efficiency of oxidation of organic compounds.  A range of 
persulfate concentrations were tested to determine the optimal dose for 
oxidation of OC in a sample of raw aerated water from the WGWTP.  
Persulfate concentrations of 0, 5, 10, 20, 30, 50 and 60 g L-1, representing 0,
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stream, respectively, were tested on under the following experimental 
conditions: 
o Injection volume:   2mL   
o mobile phase:  phosphate buffer, 20 mmol L-1 
o persulfate dose rate:  10 µL min-1  
o mobile phase flow rate: 1 mL min 
No column was used to separate the sample into its various MW 
components.  The results are shown in Figure 4.8.   
0.220
0.275
0 1 2 3 4 5 6 7
0.000
0.055
0.110
0.165
 a) 0 mmol L-1 persulfate
 b) 0.21 mmol L-1 persulfate
O
C
D
 re
sp
on
se
Time (min)
 c) 0.42 mmol L-1 persulfate
 d) 0.84 mmol L-1 persulfate
 e) 1.26 mmol L-1 persulfate
 f)  2.10 mmol L-1 persulfate
 g) 2.52 mmol L-1 persulfate
Figure 4.8  Influence of persulfate concentration on oxidation of organic carbon 
sample of RW.  Persulfate concentrations, from 0 to 2.52 mmol L
 
in a 
olution, dosed 
hic column, 
sing conditions described in Section 4.2.4. 
oncentration of 
ersulfate in the sample stream increased the oxidation efficiency of OC and 
lfate 
a portion 
-1 in s
at 10 µL min-1, the signal was collected without using a chromatograp
u
 
Results in Figure 4.8 demonstrate that increasing the c
p
that the optimal concentration of persulfate was 0.84 mmol L-1.  At persu
concentrations greater than 0.84 mmol L-1 no further increase in oxidation of 
OC in this sample was observed.  Oxidation of OC occurred even in the 
sample where persulfate had not been added, demonstrating that 
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of the OC in the sample was oxidised by UV radiation without an added 
source of radicals.  In the absence of persulphate the amount of OC oxidise
was only 75 % of that oxidised at 0.84 mmol L
d 
e of 
the 
s 
as 
his 
evelopment work. 
 
le 
 
 
 of 
 
  
d.  
id 
n 
oxidation efficiency between the different lengths of quartz capillary exposed 
to UV radiation. 
-1 persulfate.  Addition of 
0.21 mmol L-1 of persulfate increased the percentage of the sample oxidised 
to 85 %.  Thus, addition of only a small amount of additional persulfate 
resulted in an increase in oxidation efficiency of 10 %.  A further increas
persulfate to 0.42 mmol L-1 increased the oxidation of OC to 92 % of 
maximum achieved at a persulfate concentration of 0.84 mmol L-1.  Thu
doubling the persulfate dose increased the oxidation a further 7 %.  It w
concluded that the optimal dose of persulfate was 0.84 mmol L-1 and t
concentration was used for the remainder of the d
4.3.3.3. Influence of UV radiation Exposure Time on the Oxidation of 
Organic Compounds 
 
The impact of UV radiation exposure time on OC oxidation efficiency was 
tested, as described in this section.  The amount of time that the OC samp
was exposed to UV radiation was determined by the length and diameter of
the capillary in the UV cell and the rate of flow through the capillary.  Since
the flow rate of the mobile phase is controlled by chromatographic 
requirements, the time that the sample is exposed to UV radiation is 
determined by the length and diameter of the capillary.  To investigate the 
effect of the exposure time on the oxidation of OC, sections of the quartz 
capillary were shielded from UV radiation by coating it with a reflective foil
various lengths, while all other conditions were kept constant.  The maximum
length that could be tested was 1200 mm, the overall length of the UV lamp.
In this way lengths of 1 200 mm, 900 mm, 600 mm and 300 mm were teste
The system comprised a mobile phase of 20 mmol L-1 phosphate buffer at a 
flow of 1 mL min-1 and an injection volume of 2 mL.  Orthophosphoric ac
was dosed to achieve a concentration of 20 mmol L-1 and persulfate solutio
at a concentration of 0.84 mmol L-1.  No column was used to separate the 
sample OC into its MW components.  Figure 4.9 shows the difference in 
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Figure 4.9  Oxidation efficiency of organic carbon subjected to a medium pressure UV 
lamp with quartz capillary of varying length.  a) 300 mm, b) 600 mm, c) 900 mm, d) 
1200 mm.  The signal was collected without a chromatographic column, using 
conditions described in Section 4.2.4. 
 
As shown in Figure 4.9 the length of capillary exposed to UV radiation, and 
thus the exposure time, had a pronounced affect on the ability of the system 
to oxidise OC to CO2.  When only 300 mm (Figure 4.9a) of the capillary was 
exposed to UV radiation the integrated peak area of the CO2 detected was 
only 25 % of the maximum area obtained in this set of experiments (i.e. the 
area obtained when the exposed length was 1 200 mm (Figure 4.9d)).  
Increasing the exposure length to 600 mm (Figure 4.9b) increased the 
percentage of OC that was oxidised to 80 % of the maximum and a further 
increase of the exposed length of capillary to 900 mm (Figure 4.9c) 
increased this to 98 %.  The improvement in oxidation efficiency with 
increased lamp length is shown in Figure 4.10. 
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Figure 4.10  Conversion of the DOC component of post-aeration WGWTP water to CO2 
versus quartz capillary length.   
 
From Figure 4.10 it would appear that maximum oxidation was achieved at 
or close to 1 200 mm and any further increases in the length of the exposed 
capillary beyond 1 200 mm, would not have provided significant 
improvements in oxidation efficiency.   
 
The time taken for the separated sample to travel through the reactor 
ult 
rioration of chromatographic integrity.  It was thought that excessive 
ead volume could increase sample dispersion within the reaction system, 
ction 
 
capillary was considered to be important, not only because of the UV 
radiation exposure time, but also because increased dead volume may res
in dete
d
which would adversely affect the peak resolution observed at the detector.  
The effect of residence time in the OCD system was investigated by injecting 
2 mL of a sample containing 20 mg L-1 IC into the system without 
chromatographic separation.  Other conditions were as described in Se
4.2.4.  As shown in Figure 4.11 the HFM bundle was removed to allow the IC
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sample to continue through the system and the 1 200 mm quartz capillary 
was interchanged to investigate the sample dispersion that it may cause.   
 
HPLC UV254  detector H3PO4 
Na2S2O8 
2 stage 
membrane 
separation 
Liquid waste 
CO2 detected using  
FTIR-lightpipe 
Data processing 
N2 
1200 mm quartz capillary: 
interchanged 
HFM bundle removed 
 
 
Figure 4.11  Schematic of HPSEC-UV254-OCD system used to test effect of residence
time (system volume) on peak resolution.   
 
In this way the IC was converted into CO
 
R, 
s 
as 
 
2 but due to the absence of the IC
it was not removed from the system.  The effect of residence time wa
evaluated by comparing the peak areas and shapes obtained with and 
without the quartz capillary in the system.  First, the quartz capillary w
removed, a sample was injected, the quartz capillary was then reinserted 
and a second identical sample was injected.  The internal diameter of the 
1 200 mm quartz capillary was 0.6 mm, giving an internal volume of 1.3 mL. 
The effect of the quartz capillary on peak width and area is shown in Figure 
4.11. 
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Figure 4.12  Influence of quartz capillary on peak width and residence time.  a) black 
line = without quartz capillary present, b) red line = with quartz capillary present.  
Chromatograms were obtained without a chromatographic column using conditions 
described in Section 4.2.4. 
 
A comparison of the two injections showed that the capillary had a 
substantial influence, both on the peak shape and on the time taken 
injected components to reach the detector.  The effect of the capillary in the 
system resulted in an increase of 40 secs in the time taken to reach the 
detector (10 sec without capillary, 50 sec with capillary); an increase in peak
width of 46 secs (72 sec versus 118 sec) and; an increase in peak width at 
half maximum height of 20 secs (20 sec versus 40 sec).  This d
for the 
 
emonstrated 
e importance of the compromise between using a longer capillary for 
capillary as possible to minimise sample dispersion.  A possibility for 
th
improved oxidation and shortening the capillary for reducing sample 
dispersion in the system.  For the system that had been developed here, a 
capillary length of 1 200 mm was necessary due to the length of lamp and, 
as shown previously, this was the minimum length for optimal oxidation of 
OC.  On the other hand, it would have been desirable to have as short a 
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reducing the internal volume of the 1 200 mm capillary was to reduce its 
in ete tely a  capillary of smaller internal 
 not d.  Howe  was p tain a  
capillary with an internal diameter of 0.5 mm, so a comparison was made 
between this PTFE capillary (length 1 200 mm, ID 0.5 mm) and the quartz 
capilla  (length 1 200 ; ID 0.6 mm  this case a ple of Wa o 
raw water (post aeration) was used and all conditions were as described in 
Sectio  4.2.4, except the chroma hic colum s omitted. ults 
are shown in Figure 4.13. 
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Figure 4.13  Comparison of a) black line = quartz capillary and b) red line = PTFE 
capillary on peak width.  Signals were obtained without a chromatographic colum
using conditions described in Section 4.2.4. 
 
Reducing the internal diameter of the capillary did have the desired effect, 
that peak width was re
the case where the PTFE capillary was used.  However, the combination of 
re
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capillary material reduced the peak area by approximately 18 %, reflectin
decrease in the oxidation efficiency of the system.  Hence it was concluded 
that the quartz capillary was superior to the PTFE capillary and the forme
was used for the remaind
g a 
r 
er of this study.  
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4.3.3.4. Effect of pH on the Oxidation of Organic Carbon 
 
The effectiveness of oxidation of DOC by UV and persulfate is influenced by 
the pH.  Kolthoff and Miller (1951) have demonstrated that the formation of 
sulfate radicals from persulfate is dependent on pH and is catalysed by 
hydrogen ions.  To evaluate the effect of pH on the production of sulfate 
radicals and, hence, on the oxidation of OC, phosphoric acid solutions of
0 mmol L-1 and 3.7 mmol L-1 were compared (persulfate concentration was
0.84 mmol L-1 in the sample stream).  The resultant chromatograms
shown in Figure 4.14. 
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ic column using conditions described in Section 4.2.4. 
 
Figure 4.14  Influence of hydrogen ions on the oxidation of organic carbon by 
UV/persulfate.  Black line a)  0 mmol L-1 orthophosphoric acid, red line b) 3.7 
orthophosphoric acid.  Chromatograms were obtained with a semi-preparativ
chromatograph
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The peaks between 5 and 11 minutes, representative of OC, were 
r 
 to 
cing 
nts 
to the 
am at various rates.  The concentrations of the dosed solutions 
ere varied so that the concentrations in the eluent stream would remain at 
from the WGWTP.  The effect of the seven dosing rates 
used is shown in Figur
significantly less abundant when the sample stream contained no acid 
(Figure 4.14a).  Addition of acid to the sample stream at 3.7 mmol L-1 
substantially increased the areas of the OC peak (Figure 4.14b).  This 
demonstrates the importance of acid, not only for removal of IC, but also fo
facilitating persulfate radical formation to assist in the oxidation of OC.  
 
4.3.4. Dose Rate of Orthophosphoric Acid and Sodium Persulfate 
 
Having determined the optimum effective concentrations of acid and 
persulfate, the next step was to optimise the rate at which these reagents 
were added to the sample stream.  The acid and persulfate were dosed
the sample stream using a dual channel syringe pump capable of introdu
reagents to the sample stream at flow rates below 1 µL min-1.  Both reage
were dosed at the same rate due to limitations with the equipment.  To 
evaluate the effect of dosing rate on the reactions of both OC and IC, 
orthophosphoric acid and sodium persulfate solutions were introduced 
sample stre
w
20.0 mmol L-1 and 0.84 mmol L-1 respectively.  The sample tested was a 
sample of raw water 
e 4.15. 
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Figure 4.15  Influence of the concentration of persulfate and orthophosphoric acid 
dose on removal of inorganic carbon and oxidation of organic carbon.  a) 0µL min-1, b) 
5µL min-1, c) 10µL min-1, d) 20µL min-1, e) 30µL min-1, f) 50µL min-1, g) 100µL min-1.  
Chromatograms were obtained with a semi-preparative chromatographic column 
using conditions described in Section 4.2.4. 
 
When acid and persulfate were not added to the eluent stream (Figure 
 to 
-1 OC was 
is dose 
emoval was incomplete.  The 
ose of 5 µL min-1 was not sufficient to convert all of the IC present to CO2, 
 stream was 
too short for adequate mixing (the concentration of acid was constant for all 
the dose rates tested).  If the contact time between the dose point and the 
ICR was too short, the low flow may have resulted in a non-uniform 
4.15a) the oxidation of OC occurred solely due to the action of UV radiation 
and was therefore incomplete: in addition, IC was not removed from the 
eluent stream at all.  When the dose of acid and persulfate was increased
5 µL min  (Figure 4.15b) a dramatic improvement in the oxidation of 
observed and most of the IC was removed prior to oxidation in the UV 
reaction cell.  While the oxidation of OC appeared to be optimal at th
rate (compared to the higher dose rates) IC r
d
possibly because the contact time between the acid and sample
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distribution of acid in the sample stream, with the result that some IC 
remained unreacted.  Increasing the dose rate of acid and persulfate to 
10 µL m -1 lted in oxidation of OC similar to the 
5 µL min-1 dose; however, the IC fraction appeared to be completely 
moved from the sample stream.  Thus, while a dose of 5 µL min-1 would 
 a 
30 µL min-1 (Figure 4.15d and Figure 
of 10 µL atograms were obtained for these three dose 
4.15g) did have an adverse effect on the chromatogram.  Peak intensity was 
-1
gen 
The 
ess was 
in  (Figure 4.15c) resu
re
have been adequate for oxidation of OC, due to equipment constraints,
dose of 10 µL min-1 was required as a minimum for removal of IC.  
Increasing the dose rate to 20 and 
4.15e) had no effect on the oxidation of OC and IC when compared to a dose 
 min-1.  Identical chrom
rates.  This may have implications when samples of higher OC or IC 
concentrations are analysed.  The dose rate could be increased to allow for 
greater oxidation without concern about the chromatographic.  Conversely, 
increasing the dose rate to 50 and 100 µL min-1, (Figure 4.15f and Figure 
reduced for dose rates of 50 and 100 µL min  due to dilution of the sample 
(by 5 and 10 % respectively), enough to reduce overall peak intensity. 
 
4.3.5. Detection of Carbon Dioxide Produced from Organic Carbon 
Species 
 
The final step in the organic carbon detection system was the transfer of CO2 
produced from oxidation of OC into the gas phase, followed by quantitation 
of the CO2 by an infrared detector.  Separation of CO2 from the aqueous 
eluent phase was achieved using a hydrophobic PTFE membrane.  Nitro
was metered into the eluent stream directly prior to the hydrophobic 
membrane unit, as a ‘carrier’ gas to sparge CO2 from the liquid phase.  
CO2/nitrogen mixture passed through the membrane while the aqueous 
mobile phase was directed to waste.  The critical variable in this proc
the flow of nitrogen into the eluent stream.  Figure 4.16 shows the effect of 
varying the nitrogen flow rate on the CO2 signal. 
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Figure 4.16  Recovery of CO
 
he 
ing 
ne separators.  A 
itrogen flow of 2 mL min-1 gave an integrated peak area of 15.7 units 
igure 4.16a).  This decreased to 12.1 units when the nitrogen flow rate was 
to 7.2 units at 5 mL min-1 (Figure 4.16c), 5.4 units at 
.5 mL min-1 (Figure 4.16d), 4.2 units at 10 mL min-1 (Figure 4.16e) and 
 
w 
2 through the hydrophobic PTFE membrane with varying 
nitrogen flows, a) 2 mL min-1, b) 3 mL min-1, c) 5 mL min-1, d) 7.5 mL min-1, e) 10 
mL min-1 and f) 20 mL min-1.  Signals were obtained without a chromatographic 
column using conditions described in Section 4.2.4. 
 
The peaks in Figure 4.16 represent the amount of CO2 that passed through 
the hydrophobic membrane, as detected by the lightpipe FTIR detector.  T
area under the curve corresponds to the detector response for CO2 reach
the detector.  The response decreased substantially upon increasing the flow 
rate of nitrogen ‘carrier’ gas through the gas-liquid membra
n
(F
increased to 3 mL min-1, 
7
further to 1.6 units as the flow rate was increased to a maximum of 20 mL 
min-1 (Figure 4.16f).  It was assumed that increasing the nitrogen flow rate
would not have decreased the transfer of CO2 from the liquid to gas phase 
and therefore, the same amount of CO2 would have reached the detector in 
every experiment.  The decrease in detector response upon increasing flo
Chapter 4 147
rate was probably due to the faster transfer of CO2 through the detector cell.  
Higher flow rates would have resulted in fewer scans for the same ma
CO
ss of 
se 
tem, 
 = 
ave 
as a compromise between detector 
sponse and peak width, i.e. peak resolution: even though the lowest flow 
ive 
l 
e 
aration, so a higher flow rate of 5 mL min-1 
was chosen.  This flow rate still gave adequate sensitivity and was therefore 
chosen as the flow rate for use with subsequent experiments.  As will be 
shown in Section 4.3.7 (Table 4.4), at this flow rate the detection limit of the 
instrument was 30 ng DOC per peak which was adequate, considering 
concentrations that would likely be analysed by this system.   
 
4.3.6. Column Selection in HPSEC-DOC Analysis 
 
While chromatographic performance is an extremely important factor to 
consider when selecting a column for use with OCD, there are other factors 
which need to be considered.  Some of these are detection limits and 
analysis time, which will be discussed in later sections.  A critical 
2 in each peak, and therefore, resulted in decreased detector respon
per unit mass of CO2.  The detector scanning rate was 40 Hz, optimum for 
the mercury cadmium telluride (MCT) detector used in the lightpipe sys
resulting in seven scans per second.  For the lowest flow rate tested (33 
µL sec-1), a given molecule of CO2 would have resided in the cell (volume
160 µL) for 5 seconds, and hence would have been scanned 35 times.  
However at the highest flow rate (333 µL sec-1) the CO2 sample would have 
travelled through the detector 10 times faster and would therefore only h
been scanned 3.5 times.  This accounts for the lower signal to noise at 
higher flow rates. 
 
The choice of carrier gas flow rate w
re
rate gave the highest peak area, with excellent signal to noise, the excess
peak broadening at this flow rate could adversely affect the chromatographic 
integrity of the sample.  At the lowest flow rate (33 µL sec-1), the detector cel
(160 µL) would have taken 5 seconds to fill.  Mixing of the sample within th
cell during this time may not have preserved the chromatographic resolution 
obtained during the HPSEC sep
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requirement, when coupling a column and DOC detector, is the leve
und carbon leached into the mobile phase from the column.  Every
he system will introduce some carbon, wheth
l of 
backgro  
part of t er it is contamination 
om the mobile phase, introduction of carbonate and bicarbonate salts from 
 or contamination from the oxidants used.  One of 
e most serious potential sources of carbon contamination is from the 
fr
the sample being analysed
th
column stationary phase.  The current detector setup using an FTIR 
spectrometer with lightpipe accessory for detection of CO2, allowed for 
assessment of background CO2 contamination.  A background scan is 
necessary in FTIR to account for the instrumental and environmental 
contributions to the infrared signal (Smith, 1996). 
1000150020002500300035004000
0.07
0.08
 a) HW 50s column
0.01
0.02
0.03
0.04
0.05
0.06
 b) TSK G3000 SWxl column
or
 U
ni
ts
 
Wavenumbers (cm-1)
A
rb
itr
ar
y 
D
et
ec
t
CO2 contribution
Figure 4.17  FTIR background signal of blank injection showing CO
 
ution in 
 
sin column (Figure 4.17a) and a 
xl silica based resin column (Figure 4.17b).  The 
2 contrib
HPSEC-OCD using a) HW-50s column (250 mm x 22 mm i.d.) and b) TSK G3000SWxl
(300 mm x 7.8 mm i.d.) column contribution.  Chromatograms were obtained using 
conditions described in Section 4.2.4. 
 
Figure 4.17 shows the contribution of CO2 to the background signal when 
using a Tosoh HW-50s polymer based re
Toyopearl TSK G3000SW
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shaded area highlights the major peak representing the contribution from 
CO2 (wavenumber 2350 cm-1 (Smith, 1996)).  It is apparent from F
that the CO
igure 4.17 
W-
n 
at 
R 
 
uent 
SEC-UV 
f 
 a very small 
mount (ng) of OC can have a severe effect on the system. 
2 background is much greater for the TSK G3000SWxl silica 
based resin analytical column (300 mm x 7.8 mm i.d) than for the Tosoh H
50s resin (250 mm x 22 mm i.d.).  The reasons for this increased contributio
from the analytical column are unclear.  One possible explanation is th
residual organic carbon was continually leached from the stationary phase 
which in turn was oxidised in the UV reaction cell and detected by the FTI
lightpipe system.  However this column was rinsed extensively before use 
and had been used for hundreds of analyses prior to these experiments, and
the suggestion that OC continued to leach from the column is therefore 
curious.  Other workers have also observed this problem with this column 
type: a group of collaborators at the Australian Water Quality Centre (South 
Australia) who were also working on developing an OCD noted that el
from the column contained higher than expected residual OC (personal 
communication Chow, 2005). 
 
The CO2 background from the TSK G3000SWxl column was of sufficient 
magnitude to render this column unsuitable for the use with HPSEC-OCD.  
As was established in Chapter 3, the 300 mm x 7.8 mm i.d. column 
containing TSK G3000SWxl, was the best column for use in HP
analysis of DOC in natural waters since it achieved the best separation o
OC.  The small scale of the column meant that lower sample volumes could 
be used and that analysis times were shorter than for preparative scale 
columns.  However, the increased contribution of CO2 from this column 
resulted in an unacceptably poor signal, severely compromising sensitivity 
and resolution in HPSEC-OCD, as shown in Figure 4.18 where the UV254 
and OCD signals are compared.  It should be noted that only
a
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when compared to the other two columns (HW-50s resin semi-preparative 
Figure 4.18  HPSEC UV254 and OCD chromatograms of raw water on a) analytical 
column (300 mm x 7.8 mm i.d.) , b) semi-preparative column (250 mm x 10 mm i.d
and c) preparative column (250 mm x 22 mm i.d.).  Chromatograms were obtained 
using column system as mentioned above using conditions described in Section 
4.2.4. 
 
Figure 4.18a is the chromatogram obtained when a sample of raw aera
groundwater following aeration was subjected to HPSEC-UV254-OCD with an 
analytical scale column packed with TSK G3000SWxl silica based stationary 
phase.  As can be seen, because of the high CO2 background, signal 
intensity was significantly reduced and as a result peak resolution was  poo
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column, 10 mm i.d., 250 mm length (Figure 4.18b); HW-50s resin prepa
column, 22 mm i.d., 250 mm length (Figure 4.18c)).  The overall shape of the
chromatogram is broadly similar to those obtained from the other two 
columns, but resolution appears to be compromised.  All chromatographic 
conditions, reagents and flow rates were identical for each of the three 
columns used.  The separation of the sample using the TSK G3000SW
excellent, as shown by the HPSEC chromatogram that was obtained usin
the UV
rative 
 
xl was 
g 
oor 
at present, the 
se of analytical scale columns containing silica based stationary phases is 
 in fact 
rs.  
 
.d., 
).  
rams 
254 absorbance detector.  Hence, the reason for the apparent poor 
resolution for the OCD using this column must have been caused by the p
signal quality due to the high CO2 background,  Therefore, 
u
not compatible for use with OCD. 
 
As was shown in Figure 4.17, the background contribution of CO2 from the 
HW-50s polymer based resin phase was considerably less and was
identical to that obtained when no column was connected (results not 
shown).  The implication is that when compared to the TSK G3000WSWxl 
resin, signal intensity is greater and resolution of peaks is superior.  
However, comparing the semi-preparative column (Figure 4.18b) and the 
preparative column (Figure 4.18c) demonstrate that there is also an 
improvement in peak separation with a move to larger column diamete
Peuravuori and Pihlaja (2004) have previously noted that peak resolution
obtained with a preparative scale BioSep-SEC-S 3000 (600 x 21.2 mm i
particle size 5 µm pore size 250 Å) was identical to an analytical scale Tosoh 
TSK G3000SWxl (300 x 7.5 mm i.d., particle size 10 µm pore size 250 Å
They stated that under similar chromatographic conditions chromatog
should be identical.  Hence, the column of choice for use with OCD was an 
HW-50s polymer based resin preparative column, 22 mm i.d., 250 mm 
length. 
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4.3.7. Calibration of OCD and Statistical Parameters for Quantita
Analysis  
 
A major advantage of organic carbon detection for HPSEC over alternative 
detector technologies is that signal intensity can be linked to the 
concentration of organic compounds present in a sample.  As was 
demonstrated in Chapter 3, UV d
tive 
etection at 254 nm can both overestimate 
nd underestimate the DOC concentration, as the signal intensity is 
nt 
 
 
latively low MW (204 Da) it would permeate the pore space of the 
 
a
dependant on the structure of the analytes rather than the absolute amou
of carbon present.  It is therefore possible to calibrate the HPSEC-OCD 
system so that the concentration of OC represented by each 
chromatographic peak, or portion of a peak, can be calculated. 
 
The HPSEC-OCD system developed in this study was calibrated using 
potassium hydrogen phthalate (KHP) standards at the following 
concentrations: 1, 2, 3, 4, 5, 8, 10, 15, 20 and 30 mg L-1.  A maximum 
concentration of 30 mg L-1 was chosen, as concentrations of DOC above this 
limit were not likely to be analysed without dilution.  Since a small amount of 
material can be irreversibly sorbed onto the HPSEC column (Peuravuori and
Pihlaja, 2004), these standards were analysed by direct injection into the 
OCD system, in the absence of an HPSEC column.  Also as KHP has a
re
stationary phase, and integration of the resultant peak may be more difficult, 
due to the slight tailing of peaks that would result after passage through a 
column.  The basis of the calibration process was to perform the calibration
in the absence of a column and to use the line of best fit produced from the 
calibration curve to calculate the area of the analysed sample. 
 
Due to the variety of columns and sample sizes utilised, calibration was 
carried out using three different injection volumes (100, 200 and 500 µL), 
which resulted in 100 ng to 7 500 ng of carbon being injected onto the 
column.  The peak areas and standard deviations resulting from these 
experiments are listed in Table 4.3. 
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Table 4.3  Peak areas and RSD (n=5) of standards used to calibrate organic carbon 
concentrations. 
Injection 
Volume (µL) 
Concentration
(mg L-1) 
Mass 
(ng) Peak Area RSD 
100 1 100 0.92 1.5 
 2 200 1.3 1.3 
 3 300 1.8 2.2 
 4 400 2.0 0.4 
 5 500 2.3 0.15 
 8 800 3.6 0.3 
 10 1 000 4.2 2.2 
 15 1500 5.6 0.9 
 20 2 000 7.3 0.8 
 30 3 000 10.7 0.65 
200 1 200 1.3 2.6 
 2 400 2.1 1.2 
 3 600 2.8 0.9 
 4 800 3.6 0.12 
 5 1 000 4.2 0.5 
 8 1 600 6.2 3.6 
 10 2 000 7.4 3.0 
 15 3 000 10.7 1.0 
 20 4 000 14.4 2.0 
500 1 5 00 2.3 3.4 
 2 1 000 4.2 3.1 
 3 1 500 5.7 3.1 
 4 2 000 7.6 1.1 
 5 2 500 9.4 0.65 
 8 4 000 14.3 3.3 
 10 5 000 17.8 0.2 
 15 7 500 25.4 1.5 
 
To enable a calibration curve to be constructed which would be valid for any 
of these injection volumes, the mass of carbon injected onto column was 
plotted against the resulting peak area.  Five replicate injections of each 
standard were analysed to obtain a statistically significant result (Adams, 
1995).  The calibration curve, line of best fit and correlation coefficient are 
shown in Figure 4.19 
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igure 4.19  Calibration graph for organic carbon concentrations taken from Table 4.3. 
shown in Figure 4.19, the concentration of a 
mined by dividing peak area by the slope of the line of 
est fit.  The correlation coefficient of 0.99 showed that a high degree of 
s at which inferences relating to sample 
concentrations can be made with confidence.  Adams (1995) defined LOD of 
an analyte as ‘the concentration at which a confident qualitative decision can 
be made about its presence in a sample’ and the LOQ as ‘the concentration 
at which a confident quantitative decision can be made about its presence in 
a sample’.  The LOD is calculated by taking the mean of the area of the 
noise and adding it to three times the standard deviation of this noise and 
converting this peak area to concentration using the line of best fit 
F
 
From the calibration curve 
sample can be deter
b
precision was obtained.  
 
The limit of detection (LOD) and limit of quantitation (LOQ) provide a 
measure of the lower limit
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determined by calibration.  The LOQ is calculated in a similar manner, except 
that ten times the standard deviation is used (Adams, 1995). 
 
To calculate LOD and LOQ, ten blank injections were carried out.  The blank 
samples consisted of ultra-pure laboratory water that had been used to 
prepare the OC standards for calibration.  The area of the noise was 
determined by integrating the area under the curve where the peak from an 
OC standard would have eluted.  LOD and LOQ are listed in Table 4.4 along 
with relevant statistical parameters. 
 
Table 4.4  Limits of detection and determination for organic carbon detection. 
Statistical Parameters Value 
Mean area 0.054 
Std Dev (n=10) 0.019 
LOD (ng) 31 
LOQ (ng) 68 
 
Results in Table 4.4, show that 30.8 ng of OC must be injected onto the 
peak can be made and 68 ng of 
phase, leading to underestimation of OC.  The proportion of the unrecovered 
 onto the column was estimated by subtracting 
e total peak area obtained with a column in place from the total peak area 
 the 
obile 
column before a positive identification of a 
carbon needs to be injected before quantitation of peak area can be 
undertaken. 
 
As stated previously Peuravuori and Pihlaja (2004) found that during HPSEC 
a small portion of material remains irreversibly sorbed onto the stationary 
material was estimated by conducting a series of measurements where a 
sample was analysed both in the presence and in the absence of an HPSEC 
column.  In the absence of a column (bypass mode), the peak area 
represented the total concentration of OC in the sample.  The amount of OC 
that was irreversibly sorbed
th
obtained in bypass mode.  The unrecovered portion that was sorbed onto
stationary phase of the HPSEC column was termed the ‘hydrophobic’ 
material; i.e., the material that was sufficiently water insoluble to remain 
sorbed to the stationary phase at the pH and ionic strength of the m
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phase.  Table 4.5 shows the concentration calculated for the aerated wate
from the WGWTP, the same sample analysed in Figure 4.21.  The results 
r 
ere obtained by taking the average of the peak areas of 10 replicate 
able 4.5  Comparison of DOC concentration from Shimadzu TOC analyser and 
t in raw water 
Experiment DOC (mg L-1) 
w
injections.  
 
T
HPSEC-UV254-OCD system, showing hydrophobic organic carbon conten
sample from WGWTP. 
Organic carbon concentration OCD detector bypass(n=10) 6.88 
RSD bypass 0.11 
Organic carbon concentration Shimadzu TOC analyser  6.85 
Organic carbon concentration HPSEC(n=10) 6.3 
RSD HPSEC 0.35 
Loss of organic carbon on Column 0.55 
 
For the sample of raw water from WGWTP, 0.55 mg L-1 of the total 6.88 
mg L-1 (8 %) was sufficiently hydrophobic that it remained sorbed to the 
stationary phase.  The performance of the OCD developed in this study 
compared well with that of a commercially available dissolved organic car
detector (Shimadzu TOC 5000).  The concentration of OC obtained for the
aerated Wanneroo GWTP raw water sample was 6.88 mg L
bon 
 
D 
n 
-1 using the OC
in this study and 6.85 mg L-1 using the commercial DOC detector. 
 
To investigate the repeatability of the system, 5 repeat injections of raw 
aerated WGWTP water were carried out using the semi-preparative colum
and conditions as outlined in Section 4.2.4.  These five chromatograms are 
displayed in Figure 4.20. 
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Figure 4.20  Repeatability investigation: different coloured curves represent the five 
different injections; HPSEC-OCD chromatogram of raw aerated water from WGWTP, 
is the OCD signal and b) is the UV
a) 
 a 
 further 
254 signal.  Chromatograms were obtained with
semi-preparative chromatographic column conditions described in Section 4.2.4. 
 
The five chromatograms produced following five separate injections 
demonstrate the repeatability that is achieved using this system.  To
demonstrate the quality of the data, the area under each curve was 
integrated and the data plotted in Table 4.6. 
 
Table 4.6  Repeatability data of chromatograms plotted in Figure 4.20. 
Repeat injection Integrated area (units) 
1 11.4 
2 12.2 
3 12.3 
4 13.1 
5 13.1 
Average area (units) 12.4 
5 std dev (%) 5.4 
 
The integrated data from Table 4.6 suggests that variation in obtained 
ignals using this detection system is minimal and results can be interpreted 
with a large degree of confidence. 
s
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4.3.8. Application of HPSEC-UV254-OCD to Study the Molecular Weight 
Distribution of NOM 
 
Following optimisation and calibration of the system, a feed water sample, 
collected at the WGWTP was analysed using both OCD and UV254 as 
detectors, with a 250 mm x 22 mm i.d. column with HW-50s media.  The 
chromatograms obtained are shown in Figure 4.21. 
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t the 
ly 
HPSEC-UV254 chromatogram is likely due to light scattering of the colloidal 
Figure 4.21  HPSEC-UV254-OCD chromatogram of raw aerated water from WGWTP, a)
is the OCD signal and b) is the UV254 signal.  Chromatograms were obtained with a 
preparative chromatographic column conditions described in Section 4.2.4. 
 
There are obvious differences between the HPSEC-OCD and HPSEC-U
chromatograms shown in Figure 4.21.  The most noticeable difference is the
peak intensity for material eluting at a MW of approximately 20 KDa (a
V0 of the column).  According to Huber and Frimmel (1996) this peak is like
to be comprised of colloidal material with a low organic content.  Differences 
in the relative intensities of the HPSEC-OCD and HPSEC-UV254 of this peak 
at V0 demonstrate this colloidal nature.  The intensity of the peak in the 
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component, while the low intensity in the HPSEC-OCD chromatogram 
suggests that a small amount of organic material was associated wit
colloidal fraction.  The organic material with MW between 3 000 and 
10 000 Da was also overestimated on the basis of the UV signal.  Huber and
Frimmel (1996) have suggested this material is likely to be comprised main
of humic moieties and with a high aromatic content.  Aromatic materia
strongly absorbs UV at 254 nm, which would account for the greater than 
expected signal intensity.  Conversely, the organic material between 10
and 3000 Da is underestimated by UV detection, compared to OCD.  Huber 
and Frimmel (1996) and Specht and Frimmel (2000) suggested this peak 
likely comprised fulvic acids and keto acids.  These types of com
have a comparatively low UV absorbance at 254 nm, which woul
h this 
 
ly 
l 
00 
pounds 
d explain 
hy their concentration, as shown by OCD, was underestimated by UV.  
0 - 
rs 
as 
 an 
w
There is a narrow band of organic material with a MW of approximately 60
700 Da where signal intensity for both the UV and DOC detectors appea
very similar.  Specht and Frimmel (2000) noted that small aromatic acids 
eluted at what appeared to be lower molecular weights than aliphatic 
compounds of similar MWs apparently due to interactions between the 
compounds and the stationary phase.  Thus this narrow band may be 
comprised of small aromatic acids which would absorb UV at 254 nm and 
hence produce a signal comparable with OCD.  The final portion of organic 
material eluted as a broad band at MWs below 500 Da.  This material w
underestimated by UV detection, which is not surprising as Huber and 
Frimmel (1996) suggested it likely contained hydrophilic organic material of 
aliphatic nature.  The absence of any aromatic structural features and 
minimal conjugation would mean that signal intensity for this material is weak 
when using UV detection at 254 nm.  It is evident that OCD is superior to UV 
in regard to providing an HPSEC chromatogram where signal intensity is 
related quantitatively to the actual concentration of organic material in a 
peak.  The use of UV in combination with OCD is useful in that it provides
indication of the chemical structure of the eluting material. 
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4.4. Conclusion 
 
he development of an organic carbon detection system for use with HPSEC 
 
 
 
udy 
or 
ction of CO2 in the 
ghtpipe detector.  The flow rate chosen (5 mL min-1) was a compromise 
d the considerable peak broadening 
chieved with low flow rates and greater peak resolution but higher detection 
EC-
g 
.  
, 
T
was described.  The system developed was similar to that of Specht and 
Frimmel (2000), apart from the use of an FTIR lightpipe detector equipped 
with a small detection cell for improving detection limits and reducing sample
dispersion.  The application of hollow fibre membranes and an optimised 
orthophosphoric acid dose (20 mmol L-1) resulted in almost complete 
removal of inorganic carbon, this enabled HPSEC-OCD measurements to be
conducted with a high degree of confidence.  The combination of an 
optimised persulfate dose (0.84 mmol L-1) and exposure of the sample
stream to UV radiation through a quartz capillary (1200 mm in length) proved 
effective for the oxidation of organic carbon to CO2.  A study of model 
organic compounds indicated in fact that the system developed in this st
was superior to the system of Specht and Frimmel (2000) for the studied 
compounds.  Hydrophobic PTFE membranes were an effective means f
removing produced CO2 from solution while the flow rate of nitrogen used as 
the sparge gas was an important parameter for dete
li
between lower detection limits an
a
limits when the flow rate was high.  
 
The optimisation of each section of the OCD system resulted in HPS
OCD chromatograms which were noticeably different to those obtained usin
HPSEC-UV, particularly with respect to the highest and lowest MW peaks
Also, concentrations of DOC for each peak as well as the whole sample
both with and without separation on an HPSEC column could be determined 
with a high degree of accuracy.
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5. DISINFECTION BEHAVIOUR OF MOLECULAR WEIGHT 
FRACTIONS ISOLATED BY PREPARATIVE HIGH PRESSURE 
SIZE EXCLUSION CHROMATOGRAPHY  
5.1. I
e 
as 
3).  Rook (1974) and Bellar et al. (1974) first identified 
ihalomethanes (THMs) as the major product of drinking water disinfection 
e 
resent in chlorinated water was oxidised to hypobromous acid (HOBr) or 
s with aquatic NOM to form brominated DBPs, among them 
HMs (Rook, 1976). 
t on 
the presence and characteristics of DBP precursors, namely aquatic NOM, 
e concentration of bromide and iodide and the temperature and pH of the 
 
otal 
 
s having been identified 
s potential carcinogens (Bull et al., 2001), are the class of compounds that 
ave been most thoroughly investigated as an indicator of DBP formation 
ichardson, 2003). 
 
 
ntroduction 
 
Chlorine is added to drinking water to control potentially harmful waterborn
pathogens.  However, the reaction between chlorine and aquatic NOM h
the potential to form by-products which have their own health implications 
(Richardson, 200
tr
with chlorine.  Subsequent work identified that naturally occurring bromid
p
hypobromite ion (OBr -), depending on pH, species which are also able to 
undergo reaction
T
 
The formation of DBPs and the nature of DBP distribution are dependen
th
water being disinfected (Richardson, 1998).  Variations in these parameters 
have resulted in more than 500 DBPs being reported in the literature for the
chlorination of groundwaters and surface waters (Richardson, 2003).  
Reported DBPs, however, only account for a little under 50% of the t
organic halogen (TOX) (Richardson, 2003).  TOX represents a technique 
that has been used to measure the total halogenated component of treated 
drinking water.  THMs are usually the largest group of chlorinated 
by-products, accounting for approximately 20% of the total TOX in 
chlorinated water (Richardson, 2003).  They are also perhaps the easiest
components to analyse and, for this reason, as well a
a
h
(R
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Due to the complexity of aquatic NOM, the mechanisms of THM formation 
ters with model organic 
compounds.  In many studies, meta-dihydroxyb e struct ve been 
shown to rapidly form high yields of THMs (e.g. Morris and Baum, 1978, 
Boyce and Hornig, 1983, Reckhow and Singer, 1985).  The mechanism of 
THM formation from droxybenzene m  was orig  
proposed by Rook (1976) and later amended by Boyce and Hornig (1983).  
The importa  the formation of THMs from humic 
substances was confirmed when 3,5-dihydroxybenzoic acid was found as a 
chemical deg umic mat orwood e  1987).  
However, Gallard and von Gunten (2002a) demonstrated that the rate of 
formation of T roxybenzene moieties was too fast to 
account for all THM precursors contained in aquatic NOM.  The rate constant 
 
M 
le 
sorcinol (0.7 moles of CH3Cl per mole of 
sorcinol) (Reckhow and Singer, 1985), but they are reported to be more 
t 
er 
he fast 
 
have usually been studied in synthetic wa
enzen ures ha
 meta-dihy oieties inally
nce of these structures in
radati ct of hon by-produ erial (N t al.,
HMs from meta-dihyd
for formation of THMs from resorcinol (meta-dihydroxybenzene) was 
calculated as k ≥ 100 M-1 s-1 (Gallard and von Gunten, 2002b), while, in a 
separate study, rate constants for THM formation in surface waters 
(k = 0.01-0.03 M-1 s-1) and groundwaters (k ≅ 0.12 M-1 s-1) were significantly 
less (Gallard and von Gunten, 2002a).  The slower reacting THM precursors
reportedly can account for greater than 70 % of precursors in aquatic NO
(Gallard and von Gunten, 2002a) and therefore other structures such as 
monohydroxybenzenes (k = 2.49 M-1 s-1) and para-nitrophenol 
(k = 0.026 M-1 s-1) may be important (Gallard and von Gunten, 2002b).  
Monohydroxy-benzenes gave a lower yield (0.004 moles of CH3Cl per mo
of compound) of THMs than re
re
concentrated in aquatic NOM than dihydroxybenzene moieties (Norwood e
al., 1987), and could therefore be responsible for a large part of the slow
reacting THM precursors (Gallard and von Gunten, 2002a). 
 
Gallard and von Gunten (2002a) investigated possible structures of t
and slow reacting fractions, through addition of model compounds to natural 
water samples, and measured chloroform formation upon chlorination.  
Resorcinol, phenol and methyl glyoxal were used as model compounds in
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their study, representing known structural moieties of NOM.  Only resorcinol 
was found to contribute to the formation of chloroform during the initial fast 
reacting stage, with 1µmol L-1 of chloroform produced for every 1 µmol L-1 of
resorcinol added.  The addition of phenol did not change the amount of 
chloroform produced during the initial rapid reacting phase, but, after this 
initial phase, 0.2 µmol L
 
s stabilised by the carboxylic group (Gallard and von Gunten, 
002b).  In the case of chlorinated ketones formed from 
monohydroxybenzene, such stabilisation is not possible and hence the rate 
004, 
apid 
hich could be converted to β-keto acids by simple 
reactions with chlorine) as structures capable of rapid THM formation.  Citric 
acid and 3-ketoglutaric acid were two compounds that were particularly 
effective in forming THMs, although at a slower rate than meta-
dihydroxybenzene, while in the same study isocitric acid, fumaric acid, 
maleic acid and oxaloacetc acid were ineffective in the formation of THMs in 
the presence of chlorine (Larson and Rockwell, 1979).  Reckhow and Singer 
(1985) also demonstrated the effectiveness of compounds containing methyl 
ketone moieties for the formation of THMs upon chlorination.  They found 
-1 of chloroform was produced from every 4 µmol L-1 
of phenol added.  The high yield of THMs formed rapidly when meta-
dihydroxybenzene structures are chlorinated was due to the formation of 
chlorinated keto-carboxylic acids, from breakdown of the aromatic ring, 
where the enol i
2
and formation of THMs was lower (Gallard and von Gunten, 2002a).  
Addition of methylglyoxal did not affect chloroform production (Gallard and 
von Gunten, 2002a). 
 
A number of authors (e.g., Rook, 1977, Larson and Rockwell, 1979, 
Reckhow and Singer, 1985, Westerhoff et al., 1999, Westerhoff et al., 2
Bull et al., 2006, Echigo and Minear, 2006) have identified meta-dihydroxy 
substituted benzene moieties (containing a carbon atom flanked by two 
carbons bearing hydroxy groups) to be particularly effective at r
formation of THMs.  Also, β-diketones and β-ketoacids have been shown to 
rapidly form THMs (Larson and Rockwell, 1979, Norwood et al., 1980, 
Reckhow and Singer, 1985).  Larson and Rockwell (1979) identified β-keto 
acids (or structures w
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that up to 96% of chlorine added to solutions of compounds containing 
methyl ketone moieties was incorporated into the THMs formed.  Details of 
the chlorination of other aliphatic model compounds are limited when 
compared to the vast amount of literature on aromatic model compounds and 
modest number of reports on methylketones, β-diketones and β-ketoacids.  
Reckhow and Singer (1985) have published THM formation potential 
(THMFP) from chlorination experiments involving some simple aliphatic 
structures, including simple alcohols, aldehydes, ketones and carboxylic 
acids.  Of the compounds tested, none produced significant quantities of 
THMs apart from the methyl ketone, 2-oxo-propionic acid. 
 
Like the structural differences, changes in the MW of aquatic NOM can 
significantly influence the formation of THMs.  Amy et al. (1991) provided 
evidence of the MW influence of NOM on THM formation by studying various 
MW fractions isolated by ultrafiltration and the THM concentrations 
measured after contact of these fractions with chlorine in the presence of 
natural bromide at a Cl2/DOC ratio of 3:1.  As the average MW of NOM was 
M concentration 
µg THM/mg DOC for the < 0.45 µm fraction to 57 µg 
 
 
rine 
lowered for a Colorado River water, THM concentration, normalised against 
the DOC concentration, increased from 36 µg THM/mg DOC for the < 0.45 
µm fraction to 46 µg THM/mg DOC for the < 1000 Da fraction.  Similarly for a 
California State water project water, the produced TH
increased from 48 
THM/mg DOC for the < 1000 Da fraction (Amy et al., 1991).  In a more 
recent study on the effect of MW on THM formation, Gang et al. (2003) used 
ultrafiltration to collect four fractions of DOC of various apparent MWs.  
These fractions (0.2 µm-10 KDa, 10 KDa-1 KDa, 1 KDa-460 Da and 
≤ 460 Da) were chlorinated and specific chlorine demand and THM formation
determined.  Significant differences in the chlorine demand of the fractions 
were found, with the highest MW fraction having the greatest chlorine 
demand and the lowest MW fraction having the lowest chlorine demand.  
This was suggested to be due to the larger MW material having a greater 
degree of conjugation.  THM formation was calculated as a yield coefficient,
where the mass of THM produced (µg) was normalised against the chlo
Chapter 5 165
consumed (mg) (i.e. µg-THM/mg-Cl2 consumed) using identical DOC 
concentrations.  Using this rationale, it was found that the larger the MW of a 
DOC component, the smaller the yield coefficient of THMs.  This was 
proposed to be due to smaller halogenated intermediates being formed
the lower MW fractions, which are then able to decompose more read
THMs, compared to the larger halogenated intermediates formed from high
MW DOC (Gang et al., 2003).   
 
Chow et al. (2005) published a comprehensive review of the reactivity of 
various NOM fractions in the formation of disinfection by-products (DBPs).  In
this review, no clear correlation between the MW of NOM fractions and
chlorine demand or formation of DBPs were identified.  Conflicting data was 
in fact presented on the formation of DBPs from different MW fractions.  
Owen et al. (1993) presented data indicating the smallest MW fraction 
(< 1 000 Da), isolated by ultrafiltration, was the most significant producer of 
THMs, consistent with the results of Via and Dietrich (1996), who also us
ultrafiltration to isolate MW fractions of NOM.  However, Oliver and Thu
(1983) and Collins et al. (1985) reported specific THM yields increasing with 
increasing MW of fractions isolated by ultrafiltration, while Kitis et al. (2002) 
could find no clear trend in the study of chlorination of various MW fractions 
isolated by ultrafiltration from two surface waters from different origins. 
 
These published studies utilised ultrafiltration to obtain MW fractions of NOM
This technique provides only broad MW ranges, based on the membranes 
used, and the largest MW material, approaching 0.2 µm, are grouped with 
 by 
ily to 
er 
 
 the 
ed 
rman 
.  
termediate MW material, at approximately 10 000 Da.  As has been shown 
ing 
 
in
previously in Section 3.3.2, the largest MW fraction can potentially contain 
inorganic colloidal species which may not be reactive to chlorine, lower
the observed chlorine demands for this fraction, and thus not provide a true 
indication of the chlorine reactivity of the organic fraction of the large MW 
material.  Also, using the ultrafiltration approach, low MW inorganic species, 
such as nitrate and sulphate, will be concentrated in the lowest MW fraction. 
These species are known to have an appreciable oxidant demand (Jolley 
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and Carpenter, 1981), potentially biasing results for oxidation experiments
Newcombe et al. (1997), in a study of surface water from South Australia, 
explained the bias of ultrafiltration membranes against negatively charged 
components of NOM due to the residual negative charge on the surfac
the membrane.  This potentially can result in each fraction containing lower
MW material than would be expected due to retention of charged lower M
material.  It is possible that the lack of consistent correlation between the 
MW of NOM fractions and the chlorine demand or formation of DBPs fro
those fractions arises from these issues associated with ultrafiltration t
prepare the fractions. 
 
An alternative approach to collecting well resolved MW fractions of NOM h
been reported by Piccolo et al. (2002) and Peuravuori and Pihlaja (2004), 
who used HPSEC in a preparative mode to collect up to eight MW fractions 
of NOM free from inorganic contaminants.  Piccolo et al. (2002) used 
preparative HPSEC to collect MW fractions from a sample of humic acid 
isolated from a North Dakota lignite.  Two samples were investigated: the 
humic acid sample without treatment and the humic acid sample treated wi
0.05 M acetic acid, apparently used to disrupt the weak dispersion force
holding the humic molecules together.  In both cases, eight MW fractions 
the humic acid were collected and the mobile phase salts removed by 
dialysis.  Using this method, Piccolo et al. (2002) were able to recover 98 %
of the original humic acid samples after dialysis and lyophilisation.  Th
isolates were then analysed by pyrolysis GC-MS (Py-GC-MS
.  
e of 
 
W 
m 
o 
as 
th 
s 
of 
 
e solid 
) and solution 
tate 1H NMR spectroscopy.  These analyses showed distinct differences 
species of high MW to more hydrophilic oxygenated compounds in the lower 
W fractions.  In a similar study, Peuravuori and Pihlaja (2004) used HPSEC 
 a 
ght 
s
between the collected MW fractions, with a general trend from aromatic rich 
M
in a preparative mode to fractionate and isolate MW fractions of NOM from
surface water sample from Lake Savojärvi in southern Finland.  By using a 
superior mobile phase to achieve greater chromatographic resolution, ei
fractions were collected after preparative HPSEC.  These fractions were 
subjected to dialysis to remove mobile phase salts and lyophilisation to 
obtain solid isolates and resulted in organic carbon recoveries of 92 % of the 
Chapter 5 167
injected NOM separated into eight distinct MW fractions.  The solid isolates 
were then analysed by FTIR spectroscopy; however, unlike the results o
Piccolo et al. (2002), the analytical methods used were not able to identify 
significant differences between at least six of the eight fractions, while only
slight differences in FTIR peak intensities were observed. 
 
5.1.1. Scope of Study 
 
The disinfection behaviour of MW fractions collected by preparative HPSEC 
has not previously been investigated.  In the current study, following the 
methods of Piccolo et al. (2002) and Peuravuori and Pihlaja (2004), nine 
fractions of NOM from a shallow bore in the Wanneroo borefield were 
isolated, inorganic contaminants removed and the fractions analysed b
state 
f 
 
MW 
y solid 
f 
d with chlorine and the chlorine demand determined 
ver seven days, and then, in the presence of a low concentration of 
 (Figure 5.1), drawing water from the shallow unconfined aquifer 
 the Gnangara mound. 
13C NMR spectroscopy.  Following structural characterisation, each o
the fractions was treate
o
bromide, THM concentrations were determined over a seven day period. 
 
5.2. Experimental 
5.2.1. Samples 
 
A sample of groundwater for isolation and fractionation of NOM by 
preparative HPSEC was taken on the 8th February 2005 from Production 
Bore W300
in
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Bore W300
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Figure 5.1  Location of u  B W3
 
Tw inles l c in  (7  a 0 e ns i ce , 
rinsed three times with purified laboratory water, once with dilute nitric aci
 %), rinsed five times with purified laboratory water and finally three times 
ore for 
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with the sample.  The sample (119 L) was collected after running the b
5 minutes prior to collection, then transported directly to the laboratory and 
filtered through a 0.45 µm membrane (Saehan high-clean polycarbonate 
membrane) to yield 117.8 L of sample (DOC concentration 31.9 mg L-1, 
UV254 1.03 cm-1) which was then stored at 4 °C until required.  A sub-sample 
of this water was sent to an external laboratory for a number of analyses on 
bulk water characteristics. 
 
A portion of the sample (65.4 L) was concentrated approximately 13-fold 
using a tangential flow ultrafiltration (UF) system, comprising a Prep/Scale-
TFF 6 foot2 PLAC regenerated cellulose UF membrane (Millipore, USA) with
 nominal MW cut-off of 1000 Da.  The retentate (5 L) had a DOC 
concentration of 385 mg L-1 which indicated a recovery of DOC of 92
This UF concentrated water was then fractionated by preparative HPSEC. 
 
5.2.2. Materials and Methods 
 %.  
 
.2.2.1. Purified Laboratory Water 
urified water was obtained as described in Section 2.2.2.1. 
ut 
and 
le 
ymer 
 
x 
d.  
 
. 
5.2.2.3. Preparative HPSEC Separation 
hod 
escribed by Peuravuori and Pihlaja (1997).  The chromatographic system 
ex) 
21.2 mm i.d., Phenomenex), a 20 mmol L-1 phosphate buffer (1.36 g L-1 
5
 
P
 
5.2.2.2. Reagents 
 
Analytical grade methanol (ChromAR HPLC, Mallinckrodt), acetone 
(ChromAR HPLC, Mallinckrodt) and nitric acid (UNIVAR) were used witho
further purification.  Potassium dihydrogenphosphate (BDH chemicals) 
disodium hydrogenphosphate (BDH chemicals), used in the HPSEC mobi
phase, were both of analytical grade.  Standards used for MW calibration of 
the analytical HPSEC system, including polystyrene sulphonates (Pol
Scientific Services) and Dextran blue (Sigma-Aldrich), were all analytical 
grade.  Analytical grade sodium bromide (Chem-Supply, AR) and sodium
hypochlorite (Ajax chemicals) was used in the preparation of bromide and 
chlorine solutions, respectively, and analytical grade sodium thiosulfate (Aja
chemicals) was used to quench remaining free chlorine equivalents.  For the 
calibration of the THM analysis, analytical grade bromoform, chloroform, 
dibromochloromethane and dichlorobromomethane (Sigma-Aldrich) were 
used with 1,2-dibromopropane (Sigma-Aldrich) as the surrogate standar
Analytical grade sodium carbonate (BDH chemicals) was used for ionic
strength adjustment for the solid phase microextraction (SPME) analyses
 
 
Preparative fractionation of the sample was carried out following the met
d
was comprised of a BioSep SEC-S 3000 (300 x 21.2 mm i.d., Phenomen
column equipped with a BioSep SEC-S 3000 guard column (75 x 
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potassium dihydrogenphosphate and 3.58 g L-1 disodium 
hydrogenphosphate) as the mobile phase, a flow rate of 2 mL min-1 an
injection volume of 2 mL.  The HPLC system was an Agilent 1100 equipped 
with a dual-loop autosampler, a diode array detector collecting data at 
254 nm, and an automated fraction collector capable of collecting an infinite
volume of individual fractions to enable the system to run without interruption
for an extended period of time (the period for one preparative HPSEC run 
was approximately 1.2 hours).  Nine individual MW fractions were collected 
along with the HPSEC mobile phase after each of the large number of 
sample injections.  Elution volumes were used as selection criteria for each
MW fraction, and the 
d an 
 
 
 
automated fraction collector was able to collect the 
ame MW fraction eluting at this elution volume, combining with identical MW 
fractions collected in previous runs.  The large volume of each separated 
MW fraction was concentrated by rotary evaporation to 500 mL, also 
containing the concentrated phosphate mobile phase used as the HPSEC 
mobile phase.  As a result, each fraction was then dialysed against purified 
laboratory water until the conductivity remained constant (~5 mS m-1).  
Bromide measurements were taken according to the procedure outlined in 
Section 5.2.2.6.  A sub-sample of these retentates (20 mL) was taken and 
the DOC concentration determined by a commercial DOC analyser 
(Shimadzu TOC 5000).  Depending on the DOC concentration of the fraction, 
a further sub-sample (~5-25 mL) was taken and diluted in 500 mL of purified 
laboratory water to obtain a DOC concentration of 2 mg L-1.  The remaining 
volume of each fraction was then freeze dried to obtain solid isolates of MW 
fractions for 13C NMR analysis.  The total number of preparative HPSEC runs 
was 1038, equating to 800 mg of DOC and approximately 25 L of 
s
unconcentrated Bore W300 water. 
 
5.2.2.4. Analytical HPSEC  
 
Analytical scale HPSEC was carried out according to the method described 
in Chapter 3.2.2.4. 
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5.2.2.5. Chlorine Demand and Trihalomethane Formation Potential 
Measurements 
 
A sub-sample of the dialysed, concentrated sample (~5-25 mL) was taken 
each fraction depending on DOC concentration and diluted in purified 
laboratory water (500 mL) to obtain a DOC concentration of 2 mg L
for 
d in 
or chlorine demand experiments, three sub-samples (3 x 100 mL, apart 
were 
 
 chlorine 
 
-1) to 
 L-1) 
n 
-1.  An 
exception was Fraction 3, where 1 L of purified laboratory water was use
the dilution step to obtain a 2 mg L-1 DOC concentration solution.  Chlorine 
demand and THMFP measurements were conducted using this diluted 
sample. 
 
F
from Fraction 3 where seven sub-samples, 7 x 100 mL, were required) 
taken from the 2 mg L-1 DOC concentration solutions and dosed with a 
concentrated hypochlorite solution (1 850 mg L-1) to produce initial chlorine
concentrations of 4, 6 and 8 mg L-1 (except that Fraction 3 had initial
concentrations of 4, 6, 8, 12, 14, 16 and 18 mg L-1).  Free chlorine 
measurements were conducted at regular time intervals (0, 0.5, 1, 4, 24, 72 
and 168 hours) using the DPD colorimetric method (Clesceri et al., 1998).  
Chlorine demand was calculated according to the method described by 
Warton et al. (2006), where the demand of chlorine by the water sample is 
calculated to give a chlorine residual of 0 mg L-1 after 168 hours of contact.   
 
For THMFP analyses, a further 100 mL sub-sample of each fraction (DOC 
concentration of 2 mg L-1) was dosed with a concentrated hypochlorite
solution (1 850 mg L-1) and concentrated bromide solution (1 000 mg L
produce solutions with 8 mg L-1 initial free chlorine and 0.2 mg L-1 initial 
bromide (except that Fraction 3 had an initial free chlorine concentration of 
18 mg L-1 to account for its higher chlorine demand).  At regular time 
intervals (0.5, 1, 4, 24, 72 and 168 hours), a 15 mL aliquot was taken and 
dosed with a concentrated sodium thiosulfate solution (50 µL, 2 000 mg
to quench any remaining free chlorine equivalents, and the samples stored i
the dark at 4 °C until analysed for THMs.  For analysis of THMs, aliquots 
Chapter 5 172
(10 mL) of each quenched fraction were added to sodium carbonate (1.67 g) 
for ionic strength adjustment, and an aliquot (10 µL) of a solution of 
dibromopropane, used as a surrogate standard for calibration of THMs.  
Calibration standards for quantitation of THM concentrations were prep
by dissolving bromoform, dibromochloromethane, dichlorobromomethane 
and chloroform
ared 
 (200 mg of each) in methanol (100 mL) to produce a 
ombined stock solution (2 000 mg L-1 of each THM).  Working solutions 
 
PS-2) for 
m)) 
µm, fused silica 
c
were prepared as required.  Calibration was carried out by diluting the 
working solution (0, 2, 20, 26, 50, 76 and 100 µL) in purified laboratory water
(10 mL) containing sodium carbonate (1.67g) and the surrogate standard 
solution (10 µL).  From analysis of these calibration standards, 
concentrations of THMs in water samples could be calculated.   
 
THM concentrations were determined using automated headspace solid-
phase microextraction (SPME) coupled with gas chromatography-mass 
spectrometry (GC-MS), using a Gerstel Multi-Purpose Sampler 2 (M
automated SPME and an Agilent 6890 GC and Agilent 5873 mass selective 
detector (MSD).  Sample vials were added to the MPS-2 autosampler and 
heated to 40 °C and agitated at 300 rpm for 15 minutes prior to analysis.  
The SPME fibre (divinyl benzene/Carboxen/polydimethylsiloxane (50/30 µ
was inserted into the headspace of the vial for 15 minutes for extraction of 
THMs.  The SPME fibre was desorbed at 270 °C for 10 minutes in the 
injector port of the GC and a split ratio of 50:1 employed.  Analytes were 
separated using a 30 m x 0.25 mm i.d., phase thickness 1 
column (ZB-5, Phenomenex).  The helium carrier gas operated at a pressure 
of 7.3 psi and a flow rate of 1 mL min-1.  The following temperature program 
was used:  initial temperature 40 °C (3 minutes), increased at 8 °C minute-1 
to 120 °C (0 minutes) then increased at 20 °C minute-1 until the final 
temperature of 280 °C (5 minutes).  The MS operated in electron impact 
mode at 70 eV, collecting in selected ion monitoring mode, monitoring ions 
m/z 83, 85, 96, 127, 129, 131, 173, 175. 
 
Chapter 5 173
13C Nuclear Magnetic Resonance Spectrosco
Individual MW Fractions 
 
The solid-state 
py of 
S) NMR 
 
W 
 
r 
nts 
 to the 
.  Spectra were 
orrected for background signal by subtracting the spectrum acquired for an 
 
orporation).  The mobile phase was comprised of a 1.5 mmol L-1 NaHCO3 + 
 mL min-1.  
 with a DS5 
etection stabiliser (Dionex Corporation) and an AMMS III 4MM suppressor 
 
13C cross polarization (CP) magic angle spinning (MA
spectra were obtained at a 13C frequency of 50.3 MHz on a Varian Unity 200
spectrometer at the University of Adelaide, Australia.  The freeze-dried M
fractions were each packed in a 7 mm diameter cylindrical zirconia rotor with 
Kel-F end-caps and spun at 5000 ± 100 Hz in a Doty Scientific MAS probe. 
The spectra were acquired using a 1 msec contact time and a 1 sec recycle 
delay.  Between 24 000 and 61 000 scans were collected, representing a 
total run time of 7 to 17 hours.  The free induction decays (FID) were 
acquired with a sweep width of 40 kHz; 1216 data points were collected ove
an acquisition time of 15 msec.  The FID was zero-filled to 32768 data poi
and processed with a 50 Hz Lorentzian line broadening and a 0.01 sec 
Gaussian broadening.  The chemical shift was externally referenced
methyl resonance of hexamethylbenzene at 17.36 ppm
c
empty rotor under the same acquisition conditions. 
 
5.2.2.7. Analysis of Bromide  
 
Samples were filtered through a 0.45 µm membrane (Pall Acrodisc®) and 
analysed using an ICS90 ion chromatography system (Dionex Corporation). 
Samples were injected using an AS40 automated sampler (Dionex 
Corporation) with an injection volume of 100 µL.  Analytes were separated 
using an Ionpak AS141A column (250 mm x 4 mm, Dionex Corporation), 
operating with an Ionpak AG14 guard column (50 mm x 4 mm, Dionex 
C
4.5 mmol L-1 Na2CO3 solution operating at a flow rate of 1.5
Detection was via a Dionex conductivity detector equipped
d
(Dionex Corporation) with a 20 mmol L-1 H2SO4 regenerant stream solution
at a flow of 2 mL min-1.  Data was interpreted using Chromeleon V 6.7 
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software.  The detection limit of the system for bromide was determined to be
10 µg L
 
s in 
V254 and the concentrations of total alkalinity, chloride, total dissolved 
 in 
 Wanneroo bore in the shallow 
nconfined aquifer was collected for isolation and fractionation of NOM by 
h contains a ve  of DOC, allowing 
collection of significant quantities of DOC from a smaller volume of sample.  
The DOC concentration in the sample collec s 32 mg L-1 and the 
sample contained a moderate bromide concentration at 0.2 mg L-1.  The 
UV254 value, 1.03 cm-1, was considerably high as was true colour at 220 
Hazen units.  The pH of 5.9 was low for this sample. 
 
 
 
-1. 
 
5.2.2.8. Measurement of Constituents and Water Quality Parameter
Water Samples 
 
Water quality parameters including colour, turbidity, conductivity, pH and 
U
solids, hardness and total filterable solids were determined as outlined in 
Section 3.2.2.1. 
 
5.2.2.9. Measurement of Dissolved Organic Carbon Concentration 
 
DOC concentrations were measured according to the procedure outlined
Section 3.2.2.3. 
 
5.3. Results and Discussion 
5.3.1. Isolation and Fractionation of Aquatic NOM by Preparative 
HPSEC  
 
A large volume (119 L) of groundwater from a
u
preparative HPSEC.  Characteristics of the water sample are presented in 
Table 5.1.  This particular bore was chosen because it is one of the 
Wanneroo bores whic ry high concentration
ted wa
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Table 5.1  Characteristics of Bore water W300 
Parameter units Value 
DOC mg L-1 31.9 
UV254 cm-1 1.03 
True Colour  Hazen Units 220 
Bromide  mg L-1 0.2 
pH units 5.9 
Chloride  mg L-1 76 
Total Alkalinity as CaCO3  mg L-1 15 
Conductivity µS cm-1 310 
Total Dissolved Solids  mg L-1 210 
Hardness  mg L-1 45 
Turbidity  NTU 8 
Total filtered solids  mg L-1 175.7 
 
The sample was first filtered through a 0.45 µm membrane.  A portion 
(65.4 L) of this filtered sample was then subjected to ultrafiltration using a 
1 000 Da membrane and concentrated to 5 L.  The DOC concentration of the
retentate was 385 mg L
 
s of 
reparative fractionation of a portion (2.07 L) of the ultrafiltration retentate 
ed by 
f an 
-1, representing a recovery of DOC of 92%, following 
ultrafiltration concentration, compared with a 97 % recovery in the study by 
Peuravuori and Pihlaja (2004), using preparative HPSEC to investigate 
humic material isolated from Lake Savojärvi in southern Finland.  The los
sample following ultrafiltration indicates that only approximately 8 % of NOM 
was of MW < 1 000 Da.  Significantly HPSEC chromatograms (Figure 5.2 
and Figure 5.3) indicated that material with a MW < 1 000Da was in fact 
removed during the process. 
 
P
was carried out, using a preparative-scale BioSep SEC-S 3000 (300 x 
21.2 mm i.d.) column and UV254 detection, following the method describ
Peuravuori and Pihlaja (1997).  The procedure was automated by use o
autosampler and an automated fraction collector, allowing repeated 
injections (1038 × 2 mL) of sample and combined collection of nine fractions 
from the repeat analyses.  A typical preparative HPSEC chromatogram 
obtained using this system is shown in Figure 5.2, which also shows the 
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elution volume cut-offs of the nine fractions collected.  The total volume, after
1038 injections, of each of the nine fractions collected depended upon the 
peak width over which it was collected.  For example, the largest volume of 
sample was collected for Fraction 3, while the smallest volume of sample 
was collected for Fraction 5 and Fraction 8.  The amount of organic mate
collected, however, was a function of the volume of each fraction collected, 
as well as the amount of organic material in each individual peak.  Usin
rationale, the greatest amount of organic material was collected in Fraction 3
followed by Fraction 4, while Fraction 2 contained the least overall amou
organic matter. 
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Figure 5.2  Preparative HPSEC-UV
 
mber 
0 (300 mm 
-1 
L. 
254 chromatogram of UF treated W300 bore water, 
indicating positions of nine collected fractions.  Numbers in red are the nu
attributed in the text to each fraction.  The column was a BioSep SEC-S 300
x 21.2 mm i.d.) silica base HPSEC column and the mobile phase was a 20 mmol L
phosphate buffer.  The flow rate was 2 mL min-1 and the injection volume was 2 m
 
Each of the nine fractions were concentrated by rotary evaporation and then 
dialysed in a 1 000 Da dialysis bag to remove mobile phase salts, and 
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analysed, as well as the original UF concentrated sample, on an analytical-
scale HPSEC column with a similar phase (TSK G3000SWxl) to that of th
preparative HPSEC column.  Figure 5.3 illustrates the HPSEC 
chromatogram of the ultrafiltration retentate of W300 borewater analysed on
the analytical TSK G3000SW
e 
 
 
 
ions.  
e 
n 
xl column, as well as chromatograms of the nine
fractions collected by preparative HPSEC (BioSep-SEC-S 3000 column), 
after dialysis.   
 
7.4 mL 2)
7.1 mL
5.2 mL 1)a) 
b) 
 
 
Figure 5.3  a) Analytical HPSEC-UV254 chromatogram (TSK G3000SWxl 300 mm x 7.8 
mm column) of UF treated W300 water.  Numbers above chromatogram represent the 
elution volume at which fractions were collected.  Numbers in red are the number 
attributed to each fraction in the text.  Red lines mark intervals where fractions were 
collected; b) HPSEC-UV254 chromatograms of individual fractions after analysis on the
analytical column.  Volume above represents elution volume of individual fract
Numbers in red are numbers attributed to fractions in text. 
 
Comparison of analytical scale HPSEC (Figure 5.3a) and preparative scal
HPSEC (Figure 5.2) on two similar silica-based phases produced 
chromatograms that were practically identical.  Apart from Fraction 1, for 
each isolated MW fraction, a single peak was observed upon re-injection o
5 10 15
Elution Volume (mL)
11.4 mL 9)
11.1 mL 8)
10.8 mL 7)
6)
10.1 mL
10.4 mL
5)
4)
9.2 mL 3)
5.2 7.5 
9.2 
10.3 
10.8 
11.0 
9.7 10.1 
1 2 
3 
5 
6 
7 
8 
9 
4 
11.4 
9.8 mL
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the analytical HPSEC column (Figure 5.3b).  For Fraction 1, two semi-
resolved peaks were obtained upon re-injection.  The reasons for this will be 
discussed below.  This indicates that, with the chromatographic system used,
true MW fractions were likely to have been obtained.  Figure 5.3 illustrates 
the homogeneity of the nine separated fractions was excellent, and retention
volumes of individual peaks were almost identical to those obtained in the 
HPSEC chromatogram of the whole water sample.  Peuravuori and Pihlaja 
 
 
(2004) found similar results in their study using preparative HPSEC to 
ollected by preparative HPSEC eluted at 5.2, 7.4, 9.2, 9.8, 10.1, 10.4, 10.8, 
lution 
e 
r size 
vity of the mobile phase, while 
ves a more accurate value for the 
 
fractionate a lake humic material.  From Figure 5.3, the nine fractions 
c
11.1 and 11.4 mL when subjected to analytical scale HPSEC.  These e
volumes correspond to apparent MW values of > 72 000 (although th
apparent MW of this fraction was outside the calibration range of the 
system), 16 500, 4 900, 3 250, 2 650, 2 150, 1 650, 1 350 and 1 100 Da.  
The first peak at an elution volume of 5.2 mL is situated at the void volume of 
the column, and therefore is comprised of material of greater molecula
than is able to be separated by the column system.  The elution volume of 
the last peak, which eluted as a sharp peak at 11.4 mL, is likely to be at the 
permeation volume of the column.  As was stated previously (Section 
2.2.2.2), the permeation volume of the column was measured with acetone.  
Specht and Frimmel (2000) have demonstrated that using standards such as 
acetone and methanol for measuring the permeation volume overestimates 
the actual value due to interactions with the stationary phase.  Instead, they 
have shown that measuring the conducti
injecting water as a MW standard, gi
permeation volume.  They have also noted that the sharp peak which occurs 
at higher elution volumes is at the permeation volume (Specht and Frimmel, 
2000).  Taking this into account, it is likely that the sharpness of the peak at 
11.4 mL is at the permeation volume, due to a lowering of the mobile phase 
ionic strength, as a result of a mismatch between the sample and mobile 
phase ionic strengths (Figure 5.3b, Fraction 9).  The 1 100 Da MW value of 
this last-eluting peak is further confirmation that ultrafiltration with a 1 000 Da 
membrane did successfully provide the fraction of NOM of MW > 1 000 Da. 
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The chromatograms of individual MW fractions in Figure 5.3b illustrate that 
peaks 3-6 were comprised of organic material of a homogeneous and 
uniform nature, i.e., the MW of components making up these fractions was 
very similar.  These four fractions account for approximately 80 % of the total
detected organic material (based on UV
 
 
also 
gard 
g at 
f 
 of 
all amounts of mixing 
uring the collection of fractions.  Fraction 9 is unlike any of the others, with 
.  
254-absorptive capacity).  Also, each
of these fractions eluted at the elution volume corresponding to their elution 
volume in the chromatogram of the whole sample.  Fractions 2, 7 and 8 
contained material that was relatively homogeneous and uniform with re
to MW, although the MW distribution was greater than for Fractions 3-6.  
Fractions 2, 7 and 8 accounted for approximately 12% of the total detected 
organic material (based on UV254-absorptive capacity), again each elutin
the same elution volume as shown in the chromatogram of the whole 
sample.  Fraction 1 shows two peaks, with the first at an elution volume o
5.2 mL equal to that in the original mixture, accounting for approximately 
60 % of the UV254 area of this fraction, and a peak at 7.1 mL, accounting for 
the remaining 40 % of the fraction.  In the original mixture, this fraction 
accounted for only 1.4 % of the UV254 area and thus the total amount 
collected of this fraction was extremely low.  Possibly the presence of the 
second peak at 7.1 mL is a result of partial mixing with Fraction 2 during the 
fraction collection stage.  These two fractions contain the least amount
DOC and would thus be particularly susceptible to sm
d
an extremely sharp peak produced at exactly the same elution volume as in 
the original mixture (11.4 mL).  Approximately 90 % of the material eluted as 
a sharp band centered at 11.4 mL, which is likely due to the ‘salt boundary’ 
effect.  It is possible this fraction will contain material with a range of MWs 
centred around this elution volume, but due to the lowering of the ionic 
strength at this point of the chromatogram, charged and very hydrophilic 
molecules will elute in this sharp band as they have been restricted in the 
volume of the stationary phase they can sample due to charge exclusion
Based on UV254-absorptive capacity, this material accounted for only 
approximately 6 % of the total organic matter in the sample. 
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5.3.2. Recovery of Dissolved Organic Carbon from Preparative HPSEC 
Separation 
 
The total amount of organic carbon (measured as a DOC concentration) 
c 
ected 
y 
ich 
aja 
e 
s 
lysis, 
ected in 1038 chromatographic 
ns, the percentage of the UV254 absorbing material contained in each 
 
 
he 
subjected to preparative HPSEC was 800 mg in 1038 runs.  After collection 
of fractions, concentration by rotary evaporation and removal of mobile 
phase salts by dialysis, analysis of bromide and DOC concentrations for 
each fraction were conducted.  This resulted in 751.5 mg (94 %) of organi
carbon recovered in total in the nine fractions, and no bromide was det
in any of the nine fractions after dialysis.  This preparative HPSEC recover
compares favourably to the 92 % recovery achieved by Peuravuori and 
Pihlaja (2004) who, using preparative HPSEC, collected eight fractions wh
were then de-salted using an identical procedure to that described in this 
research, and 98 % recovery achieved by Piccolo et al. (2002) who collected 
six fractions also using preparative HPSEC and an identical procedure to 
desalt obtained fractions.  Piccolo et al. (2002) and Peuravuori and Pihl
(2004) attributed the small loss of organic matter to adsorption onto th
stationary phase.  Table 5.2 shows the mass of organic matter measured a
DOC for each of the nine preparative SEC fractions collected after dia
as well as the total amount of material inj
ru
fraction (determined by the integrated area of each peak in the UV254 
chromatogram), the Mw of material in each peak and the polydispersity of
material in each peak. 
 
From Table 5.2, 57 % of the DOC was collected in Fractions 3 and 4.  This
compares closely with the integrated area of the HPSEC-UV254 
chromatogram (54 %).  Fractions 5-9, representing the lower MW 
components of the sample, accounted for 41 % of the total DOC, with 
Fractions 1 and 2 contributing only 2 % of the total DOC.  The areas from t
HPSEC-UV254 chromatogram and DOC measurements of the dialysed 
fractions produced very similar results for the amount of material in each 
fraction.   
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Table 5.2  Distribution of DOC by Preparative
ted Size Fractions.  a calculated from measu
 HPSEC-UV254 and Nominal MWs of the 
red DOC concentration of solution. 
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The polydispersity (MW spread) of the nine fractions (Table 5.2) is of 
particular interest and was calculated according to equations 1.1-1.3.  Apart 
from Fraction 1, the remaining eight fractions have values all relatively close 
to 1.  A value of 1 represents a polymer with a monodispersed MW (Mori and 
Barth, 1999), i.e. all molecules in the polymer have the same average MW.  
 
 ranges 
Polymers with a polydispersity of close to one have narrow MW distributions,
and polymers with polydispersities further away from unity have wider
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of average MWs for the molecules in that polymer (Mori and Barth, 1999).  
s was shown in Figure 5.3 b, Fraction 1 contained material with a wide 
ractions 
ues 
ds 
in both 
 
 
 to 
 
, 
rial 
t to each 
A
range of MWs, so its high value of ρ is not surprising.  In particular, F
3-7, accounting for 90 % of the organic matter in the sample, had values of 
ρ  between 1.1 and 1.2.  Fractions 2, 8 and 9 had moderate values of ρ of 
1.3, 1.3 and 1.6, indicating that these fractions are all still relatively 
monodispersed in regard to MW distribution.  These polydispersity val
compare favourably too many commercially available polymer standar
used as calibration standards for MW.   
 
5.3.3. Solid State 13C NMR Spectroscopy of Individual MW Fractions 
 
NMR spectroscopy is one of the most useful spectroscopic methods for 
investigation of NOM structure because qualitative and quantitative organic 
structural information for certain organic moieties can be generated 
solution and solid states under nondegradative conditions (Knicker and 
Nanny, 1997).  Quantification under certain conditions can, however, be 
difficult due to incomplete cross polarisation of certain atoms, typically 
aromatic carbon atoms (Alamany et al., 1983, Wilson, 1987, Knicker and 
Nanny, 1997).  With this in mind, solid state 13C NMR spectroscopic analysis
was conducted for the first time on MW fractions of NOM isolated by 
preparative HPSEC chromatography.  Due to limitations in collected sample
sizes (see Table 5.2), Fractions 1 and 2 could not be analysed by NMR 
spectroscopy.  Also, Fractions 5 and 6 and Fractions 7-9 were combined
obtain two samples with sufficient material for analysis.  Fractions 5 and 6
eluted adjacent to each other in the HPSEC chromatogram (Figure 5.2) and
thus, it is not unreasonable to assume that they will contain organic mate
of a similar nature.  Similarly, Fractions 7, 8 and 9 eluted adjacen
other in the HPSEC chromatogram (Figure 5.2) and most likely contain 
organic matter of a similar nature.  The solid state 13C NMR spectra of 
Fraction 3, Fraction 4, Fractions 5 and 6 and Fractions 7-9 are shown in 
Figure 5.4. 
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 a) b)
c) d)
 
Figure 5.4  Solid state 13C NMR spectra of isolated samples.  a) Fractions 7-9, b) 
Fractions 5 & 6, c) Fraction 4, d) Fraction 3. 
 
To compare the four spectra in Figure 5.4, functional group types were 
assigned to various chemical shift ranges, based on the previous work of 
Croue et al. (2000), Hatcher et al. (2001), Bianchi et al. (2004) and Keeler et 
al. (2006), where solid state 13C NMR spectroscopy was used for the 
characterisation of aquatic NOM.  The four spectra obtained were relatively 
noisy due to the limited sample sizes available for analysis and, as a resu
the spectra were only integrated over four broad regions: 0 - 60, 60 - 110, 
, 100 - 160 ppm to aromatic carbons and 160 - 190 ppm 
 carbonyl carbons (Croué et al., 2000, Hatcher et al., 2001, Bianchi et al., 
shown in Figure 5.5. 
 
lt, 
110 - 165 and 160 - 190 ppm.  These spectral regions are then attributed to 
the following functionalities: 0 - 60 ppm to aliphatic carbons, 60 - 100 ppm to 
O-aliphatic carbons
to
2004, Keeler et al., 2006).  Results from integration of the four spectra are 
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Figure 5.5  Relative proportions of carbon types in the solid sate 13C NMR spectra of 
the isolated NOM samples: Fraction 3 only, Fraction 4 only, Fractions 5 and 6 
combined and Fractions 7-9 combined.  The relative percentage of the four di
carbon types in each sample is listed above the corresponding bar. 
 
Overall, the distributions of types of carbons from solid state 13C NMR 
spectroscopy were similar for the four samples.  The major carbon type in 
Fraction 3, Fraction 4, Fractions 5 and 6 and Fractions 7-9 was O-aliphatic 
carbon (39 %, 41 %, 43.5 % and 46 %, respectively).  For Fraction 3, 
aromatic carbon was the second most abundant carbon type, responsi
26 % of the detectable carbon.  Fraction 4, Fractions 5 and 6 and Fractions 
7-9 had an aromatic carbon content of 22 %, 18 % and 17 %, respectivel
For these three fractions, aliphatic carbon was the second most dominant
carbon type, with 23 % for Fraction 4, 27 % for Fractions 5 and 6 and 26 % 
for Fractions 7-9, while Fraction 3 had an aliphatic carbon content of 23 %
Carbonyl carbon was the least abundant carbon type in all four isolated 
fractions: Fraction 3 had a carbonyl carbon content of 12.5 %, Fraction 4 
comprised of 14 % carbonyl carbon, while fractions 5 and 6 and Fraction
7-9 both had 11 % of their total detectable carbon present as carbonyl 
carbon.   
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In their study of fractionated NOM collected after preparative HPSEC
Piccolo et al. (2002) used solution state 
, 
 
 
 in 
les 
 
 while the large MW fractions had a 
trong aromatic proton signal, similar to 13C NMR spectroscopy of samples in 
l show aromatic 
carbon was present.  The higher aliphatic carbon signal observed from 
Fraction 4 and 5 may possibly have resulted from aliphatic groups in th se
fractions being bonded predominantly to aromatic carbon.  Interestingly, the 
largest MW material in the study by Piccolo et al. (2002) also showed a 
strong olefinic proton signal.  A similarly strong olefinic contribution may also 
dance of aliphatic carbon in the 13C NMR 
entified as the most polar, likely 
containing more oxygenated structures, similar to the results obtained in the 
current study. 
 
Analysis by 13C NMR spectroscopy suggested that the samples had some 
similarities in terms of the observed NMR signals, however, it was apparent 
that, as the MW of the fractions decreased, carbons bonded to oxygenated 
groups (as indicated b carbonyl an liphatic sign  increased, while 
aromatic carbon content decreased.  In terms of structural features of the 
1H NMR spectroscopy to investigate
structural trends of isolated fractions.  By using this technique on isolated
fractions of NOM, an intense water signal was observed, effectively 
eliminating any detail in the 3 to 5 ppm range.  As explained above, due to 
inferior chromatographic resolution, only six MW fractions were obtained
their study, however, valid comparisons can still be made to the four samp
analysed in this research.  Piccolo et al. (2002) found that the smallest MW
fraction was depleted in aromatic protons,
s
this study.  Piccolo et al. (2002) also observed that the intermediate MW 
fraction (Fraction 3) had a small signal for aromatic protons, conflicting with 
the pyrolysis data obtained in the same study.  This was explained by 
suggesting material in this fraction contained significantly substituted 
aromatic groups (Piccolo et al., 2002).  In the context of the current study, 
the intermediate fraction of Piccolo and co-workers corresponds to Fraction 
4, and perhaps, to a lesser degree, Fraction 5, both of which showed 
reduced aromatic content compared to Fraction 3, but did stil
e  
partially explain the high abun
studies of Fractions 3 and 4 in the current study.  The smallest MW material 
solated by Piccolo et al. (2002) was idi
y d O-a als)
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material in each of the tudied samp this suggest t the functional 
groups predominating in the lower MW fractions, specifically Fractions 7-9 
ut also Fractions 5 and 6, were likely to be carbohydrate type groups, low 
ons 3 and 
igher 
.  As 
arbon 
his 
reased as the MW 
ecreased.  Newcombe et al. (1997) described this trend as a decrease in 
pposite 
ch 
e by preparat
 
), 
 
ple nature, 
 s les, s tha
b
MW aliphatic acids, ether and ester linkages, aliphatic alcohols or 
methylketone type structures.  For the larger MW material in Fracti
4, there was less oxygenated functionality and a shift towards more aromatic 
species.  Interestingly, the carbonyl signal of Fractions 3 and 4 was h
than for the other fractions analysed.  This could be, for example, due to 
quinone structures, which are known to exist in NOM (Thurman, 1985) as 
well as dihydroxybenzene moieties, and could be partly responsible for the 
large UV254 signal observed in the HPSEC chromatograms of these fractions. 
 
Newcombe et al. (1997), in a study of a highly coloured surface water from 
South Australia, used ultrafiltration to isolate NOM into five MW fractions and 
study the structural characteristics by solid state 13C NMR spectroscopy
in the current study, Newcombe et al. (1997) found that O-aliphatic c
was the dominant signal; however, unlike the MW fractions isolated in t
Thesis, the relative amount of O-aliphatic carbon dec
d
carbohydrate type material as MW decreased.  It was also noted that as the 
carbohydrate content decreased, aromatic carbon was enriched, an o
trend to that found in the current research.  Levels of carbonyl carbon in ea
ultrafiltration MW fraction were similar to the carbonyl content of MW 
fractions obtained her ive HPSEC, and the carbonyl carbon 
abundance displayed a similar trend with regard to MW in both studies
(Newcombe et al., 1997).  Li et al. (2004) used solid state 13C NMR 
spectroscopy to study the structural characteristics of MW fractions isolated 
by ultrafiltration of a Pahokee peat HA sample.  Unlike the MW fractions 
isolated in the current research, or those isolated by Newcombe et al. (1997
aliphatic and aromatic carbon were the dominant carbon types, accounting 
for, on average, about 35 % for each carbon type in all ultrafiltration fractions
from the peat sample.  This is, perhaps, more a feature of the sam
as Norwood et al. (1987) have shown humic acids to contain a higher 
proportion of aromatic groups and less oxygenated functionality.  Similar to 
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the trends observed in the current research, aliphatic carbon levels were 
fairly constant, increasing slightly as MW decreased, while the aromatic 
carbon content was also relatively stable, with a slight decrease in 
abundance as MW increased (Norwood et al., 1987). 
 
These comparisons indicate the diverse results that have been obtained 
when using either solution state 1H or solid state 13C NMR spectroscopy to 
study differences in isolated MW fractions.  This is, perhaps, a result of the 
diverse nature of samples studied; indicating sample nature is highly 
dependent on the surrounding environment with regard to structural 
characteristics.  With this in mind, chlorination experiments were conducted 
on each of the isolated MW fractions to study the disinfection behaviou
the NOM in these fractions.  Th
r of 
e results from the chlorine demand and THM 
rmation experiments were then correlated with the NOM characteristics as 
t a 
 
r 7 
 
 
 
ts. 
y 
r 
fo
determined by solid state 13C NMR spectroscopy and HPSEC analysis. 
 
5.3.4. Effects of Chlorine on Individual MW Fractions 
5.3.4.1. Chlorine Demand of Individual MW Fractions 
 
The 7 day chlorine demand was determined for each of the MW fractions 
obtained from preparative HPSEC.  Aqueous solutions of each fraction a
DOC concentration of 2 mg L-1 were prepared.  For this experiment, three 
initial chlorine doses (4, 6 and 8 mg L-1) were used, apart from experiments
involving the more reactive Fraction 3, where 4, 6, 8, 12, 14, 16 and 
18 mg L-1 doses were required, and the chlorine decay monitored ove
days.  The chlorine demand of each aqueous solution containing a MW
fraction was calculated, according to the method of Warton et al. (2006), as
the dose required to yield a chlorine concentration of exactly 0 mg L-1 after 7
days, extrapolated from the results of multiple chlorine dosing experimen
 
In these experiments, the chlorine demands of the individual fractions are 
almost exclusively due to reactions of chlorine with NOM, since the majorit
of inorganic species would have been removed in the isolation process used 
to collect the fractions.  Dialysis (nominal MW 1 000 Da) was performed afte
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preparative HPSEC separation to removed the phosphate mobile phas
used in the HPSEC analysis and this process would have also removed 
other inorganic components in the fractions.  The conductivity of each 
fraction was measured throughout the dialysis process, with measurem
decreasing until values of ~ 5 µS m
e 
ents 
 
y was used to measure the bromide 
oncentration of these fractions, with all fractions having values below the 
C.  All 
-1 were obtained, indicating that the 
majority of inorganic species with MWs below 1000 Da were removed from
the fractions.  Ion chromatograph
c
detection limit of the method (< 0.01 mg L-1). 
 
Table 5.3  Chlorine demands of the nine fractions obtained by preparative HPSE
fractions had a DOC concentration of 2 mg L-1.  Chlorine demand values are chlorine 
concentrations required to obtain a chlorine residual of 0 mg L-1 after 168 hours of 
contact. 
Fraction Chlorine demand (mg L-1) 
1 0.12 
2 3.4 
3 10.4 
4 4.85 
5 1.5 
6 2.27 
7 2.47 
8 2.50 
9 0.44 
 
The nine individual fractions had significantly different chlorine demands, as 
evident in Table 5.3.  Of all nine fractions, Fraction 1 had the lowest ch
demand.  This fraction was comprised of NOM with the highest MW and also 
most likely to contain colloidal components, as established in Chapter 3.3.2
The possible association of NOM with colloid species may have resulted in a 
reduction in reactivity of the NOM in this fraction with chlorine.  Fraction 3 
had the highest chlorine demand of the nine fractions.  According to Huber
lorine 
.  
 
nd Frimmel (1996), this fraction is likely to contain mainly humic-type 
consistent with the results of NMR spectroscopy of this fraction (Figure 5.4d 
a
material with a large aromatic content, and possibly include significant 
quantities of phenols and dihydroxybenzenes, which have been shown to be 
highly reactive with chlorine (Gallard and von Gunten, 2002a).  This is 
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and Figure 5.5), where the aromatic carbon signal for this fraction was more
abundant relative to the aromatic carbon signal in other fractions.  Kr
al. (1996a) established that aromatic compounds, particularly those found in
humic material, undergo a number of reactions with chlorine, accounting for 
the high chlorine demand of this material.  In addition, Owen and co-worke
(1993) found that the humic fraction in fact was more reactive with chlorine 
compared to non-humic material from the same source.  Krasner et al. 
(1996a) studied the effect of chlorine on NOM fractions isolated by resin 
fractionation from the Apremont reservoir in France and found that the humic
fraction of NOM had twice the chlorine demand of the fulvic acid fractio
three times the demand of the hydrophilic acid fraction.  The hydrophilic a
fraction appeared to have a low aromatic content as shown by its low SUVA 
value and NMR spectroscopic data (Krasner et al., 1996a). 
 
Fractions 2 and 4 produced chlorine demands of 3.41 and 4.85 mg L
 
asner et 
 
rs 
 
n and 
cid 
h 
olumn.  
y have included some NOM associated 
ith inorganic colloidal material lowering its availability for reactions with 
of the NOM in Fraction 2 may have been similar to 
at found in Fraction 3, which was shown to be very reactive with chlorine.  
ad 
 in 
n in 
 
aromatic (phenolic) components and a greater concentration of aliphatic 
-1, 
respectively.  Fraction 2 was likely to be composed of a mixture of the 
material characteristic of Fraction 1 and Fraction 3 and its intermediate 
chlorine demand reflected this.  Fraction 2 was comprised of relatively hig
MW NOM, with molecular size approaching the exclusion limit of the c
Hence, like Fraction 1, Fraction 2 ma
w
chlorine.  However, some 
th
Fraction 4 also had a lower chlorine demand than Fraction 3.  Fraction 4 h
a lower average MW than Fraction 3 and, according to Huber and Frimmel 
(1996), is reportedly less humic, and more fulvic, in nature than Fraction 3.  
Croué et al. (2000) showed that this material had increasing amounts of 
aliphatic carbon compared with the highly aromatic humic material found
Fraction 3.  Comparison of the NMR spectra of Fraction 4 with that of 
Fraction 3 (Figure 5.4c and 5.4d and Figure 5.5) also showed a reductio
aromatic carbon content, while aliphatic carbon remained constant and 
O-aliphatic carbon content increased, with the decreasing MW.  Thus, there 
appeared to be a progression towards lower MW material containing less
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oxygenated functional groups in this sample.  Norwood et al. (1987) found 
that, although phenolic moieties are present in fulvic acids, they account for a
significantly lower percentage of the total organic matter than in hig
humic acids.  This gradual progression towards lower proportions of reactiv
 
her MW 
e 
romatic moieties may account for the lower chlorine demand of Fraction 4. 
 
.  
 
e 
 
his 
id or keto acid functionality.  NMR analysis illustrated that 
ractions 5 and 6 (Figure 5.4b and Figure 5.5) and Fractions 7 - 9 (Figure 
n, with 
nd 
bly 
 
 
explain the lower chlorine demands of Fractions 5 – 9. 
a
 
Fractions 5-8 have similar, lower chlorine demands (1.5, 2.27, 2.47 and 
2.5 mg L-1, respectively) compared to Fraction 3.  As was the case for
Fraction 4, NMR analysis of Fractions 5 and 6 (Figure 5.4b and Figure 5.5) 
showed a lower proportion of aromatic carbon compared to Fraction 3
Accordingly, as a result of the lower amounts of the reactive aromatic 
(phenolic) moieties, the chlorine demand of these fractions was lower.  Since
the NOM in Fraction 5 is less aromatic, compared with Fraction 3, there 
would be fewer sites available in the organic material for attack by chlorin
resulting in a lower chlorine demand.  Previous studies by Huber and 
Frimmel (1996) and Schmitt et al. (Schmitt et al., 2003) suggested that the
intermediate MW range (Fractions 5-8 of the HPSEC chromatogram in t
study), was comprised of NOM with highly substituted aromatic or 
conjugated ac
F
5.4a and Figure 5.5) did in fact have less aromatic and carbonyl carbo
increased aliphatic and O-aliphatic functional groups.  Morris and Baum 
(1978) reported that, in addition to aromatic compounds, methyl ketones or 
compounds oxidisable to methyl ketones are also reactive towards free 
chlorine.  Analysis of Fractions 5 and 6 (Figure 5.4b and Figure 5.1) and 
Fractions 7-9 (Figure 5.4a and Figure 5.5) using NMR spectroscopy fou
that while aromatic carbon was reduced, compared to Fraction 3 and 4,  the 
carbonyl carbon and aliphatic carbon concentrations increased, possi
indicating increased methyl ketone functionality.  Furthermore, the increase 
in O-aliphatic carbon may indicate greater carbohydrate, aliphatic alchols,
ether and ester moieties, possibly accounting for the chlorine demand of
these fractions.  However, these structures have lower chlorine demands 
compared to phenolic structures (Reckhow and Singer, 1985) and may 
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 Fraction 9 had a chlorine demand of 0.44 mg L-1, which was considerably 
wer than all other fractions, except Fraction 1.  Fraction 9 had the lowest 
tic 
tions 
ction 
 to 
ter 
C 
ns and bromine to bromide 
ions, stopping their reaction with NOM.  In Figure 5.6, the total THM (TTHM) 
molar concentrations, i.e., the sum of the molar concentrations of chloroform, 
bromodichloromethane, dibromochloromethane and bromoform, are plotted 
against time for the nine fractions.  TTHM data, as well as individual THM 
speciation, is presented in Appendix 3. 
lo
apparent MW, 1 100 Da.  Also, this fraction eluted at the salt boundary of the 
HPSEC system, indicating the content of hydrophilic moieties was higher 
than in other fractions, suggesting lower concentrations of reactive aroma
species.  The potential absence of some of the most reactive moieties within 
the organic structure may account for its lower reactivity with chlorine.  
 
5.3.4.2. Trihalomethane Formation Potential of Individual MW Frac
5.3.4.2.1. 7 Day Total Trihalomethane Formation  
 
Chlorine was added to each of the nine fractions (DOC concentrations 
normalised to 2 mg L-1) at a concentration of 8 mg L-1 (18 mg L-1 for Fra
3), together with bromide at a concentration of 0.2 mg L-1, corresponding
the bromide concentration in the Wanneroo bore W300 unfractionated wa
sample.  If all bromide is oxidised to HOBr/OBr- in these experiments, 
0.13 mmol L-1 of HOCl/OCl- (0.25 mmol L-1 HOCl/OCl- for Fraction 3) and 
0.0025 mmol L-1 of HOBr/OBr- will be available for reaction with the DO
resulting in a molar ratio of 50:1 HOCl/OCl- to HOBr/OBr- (100:1 HOCl/OCl- 
to HOBr/OBr- for Fraction 3).  The formation of THMs was monitored over 
168 hours, with measurements conducted after 0.5, 1, 4, 24, 72 and 168 
hours.  Aliquots of an aqueous solution of sodium thiosulfate were added at 
the specified times to reduce chlorine concentratio
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Figure 5.6  Total THM concentration plotted against time for each of the nine 
individual MW fractions.  Colours refer to individual fractions as stated in the legend. 
 
As illustrated in Figure 5.6, Fraction 1 had the lowest 7 day total THM 
formation potential (THMFP) (0.74 µmol L
 
contact 
L-1 
derate 
ol L-1, respectively), which were 33 % - 46 % lower 
an the concentration of THMs formed from Fractions 3.  A difference in the 
, 
iation 
in 
 
 with 
-1), followed by Fraction 2 
(0.87 µmol L-1).  The THMFP of Fractions 3 and 4 after 168 hours of 
showed similar, very high concentrations, with 2.1 µmol L-1 and 1.85 µmol 
of total THMs formed.  Interestingly, Fractions 5 - 9 all had similar, mo
THMFPs after 168 hours (1.24 µmol L-1, 1.14 µmol L-1, 1.34 µmol L-1, 
1.25 µmol L-1 and 1.4 µm
th
rate of formation of THMs was also observed.  For instance, Fractions 1, 2, 
4, 5 and 6 formed THMs slowly with 14 %, 11 %, 16 %, 14 % and 15 %, 
respectively, formed in the first 30 minutes of contact with chlorine, while 
Fractions 3, 7, 8 and 9 formed THMs faster with 26 %, 21 %, 24 % and 31 %
respectively, of their total THMs in the first 30 minutes of contact with 
chlorine. 
 
As with differences in the chlorine demand of the nine fractions, the var
observed in THMFP suggests structural differences in the organic material 
the isolated MW fractions.  Similarly, the disparity between rates of THM 
formation may provide some evidence for the likely structural features of the 
organic material in these fractions.  Fractions 3 and 4 had the greatest yield
of THMs after 168 hours of contact with chlorine, indicating structures
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the greatest propensities for undergoing chlorine and bromine substitut
addition reactions leading to the subsequent formation of THMs.  How
ion or 
ever, 
e difference in reaction kinetics of THM formation possibly infers 
rmed 
uced 
 
tent 
which 
n 4, as 
e 
st 
 Fractions 3 
hile 
d 
.4d 
and Figure 5.5), with Fractions 5 and 6 having a greater aliphatic carbon 
th
differences in the structures of these two fractions, since Fraction 3 fo
THMs faster than Fraction 4.  When lake water from the Limmat River was 
chlorinated, Gallard and von Gunten (2002a) found 28% of THMs prod
were formed during the initial fast reacting phase, i.e. within 30 minutes.  It 
was also found that resorcinol (dihydroxy) and phenol (monohydroxy) could
both produce THMs, but only resorcinol contributed to THM production 
during the initial fast reacting phase (Gallard and von Gunten, 2002a).  
Therefore, Fraction 3 may have a greater meta-dihydroxybenzene con
than Fraction 4, while Fraction 4 may have a higher monohydroxybenzene 
content than Fraction 3.  It is also important to note that, due to its high 
chlorine demand, Fraction 3 had a greater initial chlorine concentration 
would likely have influenced the kinetics of the formation of THMs.  The 
aromatic carbon content of Fractions 3 was slightly higher than Fractio
determined by NMR spectroscopic analysis (Figure 5.4c and 5.4d and Figur
5.5).  The aromatic carbon content in Fractions 3 and 4 was also the highe
of any fraction or group of fractions, consistent with the highest THM 
concentrations being formed from these two fractions.  However, there was 
insufficient NMR spectroscopic information available to compare the specific 
O-aromatic carbon contents of the two fractions and yield information 
regarding the likely distribution of phenolic groups.   
 
Similar concentrations of THMs were formed from Fractions 5 – 9 after 168 
hours of contact with chlorine, albeit in lower concentrations than
and 4.  However, the rates of formation of THMs from Fractions 5 and 6 and 
Fractions 7 – 9 were appreciably different.  For example, Fractions 5 and 6 
formed 14 % and 15 % of their THMs in the first 30 minutes of contact, w
Fractions 7 - 9 formed 21 %, 24 % and 31 %, respectively, in the first 30 
minutes of contact.  NMR spectroscopic analysis (Figure 5.4a and 5.4b an
Figure 5.5) of these fractions showed elevated aliphatic and O-aliphatic 
carbon contributions compared to Fractions 3 and 4 (Figure 5.4c and 5
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input and Fractions 7 - 9 having greater O-aliphatic carbon content.  The 
aromatic and carbonyl carbon contributions were similar for Fractions 5 - 9.  
he lower TTHM formation for Fractions 5 – 9 compared to Fractions 3 and 4 
uction in the relative aromatic and carbonyl carbon 
ontent in these fractions.   
ractions 
 
thyl 
 
ns 7 – 9.  
difference in 
inetics may be a function of MW.  The larger MW species of Fractions 5 and 
actions to form precursors suitable for THM 
M formation can occur.  The lower MW fractions, 
ractions 7 – 9, may contain a higher proportion of precursors that readily 
Fractions 1 and 2 produced the lowest yields of THMs and also produced 
THMs at the slowest rate.  As with Fractions 5 and 6 when compared to 
Fractions 7 - 9, a possible explanation for the lower yield of THMs and slower 
haloform reaction kinetics may be a result of MW.  Fractions 1 and 2 were 
comprised of organic matter with the highest MW, and, hence, release of 
THMs upon chlorination is likely to be a more involved reaction pathway.  
Also, it has been suggested (Huber and Frimmel, 1996, Allpike et al., 2005) 
that the organic matter in the larger MW fractions is associated with colloidal 
material which may mean active sites otherwise involved in reactions with 
chlorine are not available for attack.  It was not possible to conduct NMR 
T
may be explained by a red
c
 
An explanation of the difference in THM formation kinetics between F
5 and 6 and Fractions 7 – 9 may lie in nature of aliphatic groups in these low
MW fractions.  Larson and Rockwell (1979), Norwood et al. (1980), Reckhow 
and Singer (1985) and Gallard and von Gunten (2002a) identified me
ketones, or moieties oxidisable to that structure, as potential aliphatic
compounds that can form THMs rapidly and produce high yields.  Hence, 
Fractions 7 – 9 may contain a greater percentage of these structures or 
groups that can be oxidised to methyl ketones in the presence of chlorine 
than Fractions 5 and 6, resulting in faster THM formation for Fractio
Alternatively, as suggested by Gang and co-workers (2003), the 
k
6 may require additional re
formation before TH
F
directly participate in THM formation, compared to Fractions 5 and 6, 
resulting in the observed faster THMFP. 
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spectroscopic analyses on these two high MW fractions, so no NMR data 
was available for comparison.  
 
5.3.4.2.2. Trihalomethane Speciation 
 
Final (7 day) concentrations of the four THM analogues are plotted after 168 
hours of contact with 0.13 mmol L-1 chlorine (0.25 mmol L-1 chlorine for 
Fraction 3) and 0.0025 mmol L-1 bromine in Figure 5.7.  Differences in the 
relative molar amounts of the four THM analogues for all nine fractions after 
168 hours contact with chlorine and bromine are evident in Figure 5.7.  
Fractions 3 and 4 produced much greater concentrations of chloroform than 
the other seven fractions, with lower concentrations of the dibromo and 
tribromo THMs.  Fractions 1 and 2 produced similar THM distributions, with 
low TTHM concentrations but distributed similarly between chlorinated and 
the more chlorinated species compared with Fractions 1 and 2, but 
 
brominated species.  The distribution of THMs in Fractions 5-8 appear to 
vour fa
less so than Fractions 3 and 4.  Fraction 9 had a greater proportion of 
bromodichloromethane compared to the other three THM analogues than the
other fractions. 
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re to 
3).  
d r 
l, aniline, benzoic 
l concentrations of chlorine and bromine in separate 
xperiments.  This study showed that for these model compounds, apart 
from resorcinol, the highest yield of THMs occurred from the addition of 
Figure 5.7  Relative molar concentrations of individual THMs found after exposu
chlorine and bromine for 168 hours for the nine MW fractions collected from 
preparative HPSEC.  CHCl3 = chloroform, CHCl2Br = bromodichloromethane, 
CHClBr2 = dibromochloromethane, CHBr3 = bromoform. 
 
The considerably higher formation of chlorinated THMs, particularly 
chloroform, for Fractions 3 and 4 may result, in part, from the higher ratio of 
reactive chlorine to bromine (50:1 for Fraction 4 and 100:1 for Fraction 
Several authors (e.g. Amy et al., 1985, Heller-Grossman et al., 1993, 
Krasner et al., 1996b, Ichihashi et al., 1999b) have identified that the 
speciation of DBPs is dependent on the ratio of chlorine to bromine.  
However, the ratio of chlorine to bromine does not account for the 
discrepancies between THM speciation of the remaining seven fractions, 
indicating that structural differences in the organic material playe  a majo
role in THM speciation.  Westerhoff and co-workers (2004) treated seven 
model aromatic compounds (including resorcinol, pheno
acid, vanillic acid, syringic acid and 3,5-dimethoxybenzoic acid) and maleic 
acid with equa
e
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bromine, while for resorcinol, chlorine addition resulted in an approximate 40 
% increase in THM formation compared to addition of bromine.  Norwood et 
l (1980) also investigated THMFP after chlorinating the same set of model 
t from resorcinol; 
romination experiments were not conducted in this research.  In a similar 
in relation to THM formation when chlorine and bromine were added in 
eparate experiments.  In this work, only 2,4-dihydroxytoluene, and to a 
 
result of 
ybenzene (resorcinol type) 
oieties present, also suggested by NMR data obtained for these fractions 
iscussed in Section 5.3.4.2). 
esterhoff et al. (2004), separate oxidation experiments 
sing chlorine and bromine were conducted on coagulation treated water.  
ion of bromine 
to the organic matrix, in effect “coagulation preferentially removed organic 
 
 
opensity of the 
igher MW fractions, Fractions 3 and 4, to form chlorinated THMs (Figure 
ration 
e 
development, Obolensky and Singer (2005) have refined the formula to 
a
compounds and found that chloroform formation was highes
b
study by Ichihashi et al (1999a), 21 phenolic model compounds were studied 
s
lesser degree 3,5-dihydroxytoluene, resulted in an increased proportion of
chloroform compared with bromoform when chlorine and bromine were 
added in equimolar concentrations.  In the current study, higher 
concentrations of chlorinated THMs in Fractions 3 and 4 may be a 
increased concentrations of meta-dihydrox
m
(Figure 5.4 and Figure 5.5), as indicated by the rate of THM formation 
(d
 
In the study by W
u
Increasing the coagulant dose resulted in greater incorporat
in
materials capable of forming haloforms in the presence of chlorine”.  Since
previous work (e.g. Chow et al., 1999, Allpike et al., 2005) has shown that 
coagulation removes the larger MW fractions of NOM, leaving smaller MW
material in the water, this provided evidence for the greater production of 
chlorinated THMs from higher MW material.  The greater pr
h
5.7) is consistent with the conclusions of Westerhoff et al. (2004). 
 
To more closely examine the distribution of DBPs, the bromine incorpo
factor (BIF) was applied.  The BIF indicates the extent of bromine 
substitution in a class of DBPs, characterised by the bromine fraction of th
total molar halogen in the class of DBPs (Gould et al., 1981).  Since this 
Chapter 5 198
provide an equation producing a value between 0 (indicating 100 % of DBPs 
present as the chlorinated analogue) and 1 (indicating 100 % of THMs 
present as brominated analogue) for bromine incorporation.  The formula fo
the refined BIF (THMs)
r 
 is given below: 
[ ] [ ] [ ]
[ ] [ ] [ ] [ ]{ }CHBr
CHBrClCHBrCHBrClTHMsBIF
3
322 32 ×+×+=  5.1 
sing BIFs, straightforward interclass comparisons of the extents of bromine 
s are 
 5.1. 
ClCHBrCHBrClCHCl 2233
)( +++×
U
substitution are possible.  The BIF (THMs) for each of the nine fraction
listed in Table 5.4. 
 
Table 5.4  Bromine incorporation factors for THMs (BIF (THMs)) for each of the nine 
fractions collected by preparative HPSEC.  BIF (THMs) calculated using Equation
Fraction BIF 
1 0.49 
2 0.45 
3 0.1  
4 0.11 
5 0.3  
6 0.32 
7 0.27  
8 0.27  
9 0.35 
 
test THMFPs, 
ad the lowest BIFs, while Fractions 5-9 had similar BIFs, which showed 
mpared to Fractions 3 and 4, but slightly 
ss bromine incorporation into formed THMs than Fractions 1 and 2. 
 
 
to suggest 
tructural differences between the fractions were responsible for the 
variations in the individual THM molar concentrations.  The formation of 
significant concentrations of brominated THMs (BIFs 0.27 – 0.49) from 
Interestingly, the largest MW fractions, Fractions 1 and 2, which also 
produced the least amount of THMs, incorporated the greatest amount of 
bromine in produced THMs.  Fractions 3 and 4, with the grea
h
greater bromine incorporation co
le
 
In this current work, the molar ratio of reactive chlorine to bromine was
constant (50:1, apart from Fraction 3, where the ratio was 100:1), where 
chlorine was in large excess compared to bromine.  The different THMFPs
produced from the constant molar ratio of halogens appear 
s
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Fractions 1, 2 and 5 – 9 in the presence of such a large excess of chlorine 
indicates: a) that the THM precursors in these fractions were more reactive 
ic 
pared to Fractions 3 and 4 (0.1 and 0.11, respectively) 
otentially indicates a greater aliphatic carbon content of the lower MW 
 
Figure 5.4 and Figure 5.5.  However, Fractions 1 and 2 had even higher 
romine incorporation (BIFs of 0.49 and 0.45, respectively) but 13C NMR 
rial 
e 
l 
ion 
riod 
towards bromine; b) the lower reactivity of these fractions allowed more 
selectivity with the halogenating agent, resulting in more reaction with 
bromine, the more electrophilic reagent; c) the formation was a result of the 
combination of both of these effects.  Previous studies of chlorination of 
some natural water sources containing bromide ion have suggested that 
bromine is more reactive towards aliphatic precursors compared to aromat
precursors (Heller-Grossman et al., 1993, Liang and Singer, 2003).  The 
higher BIFs observed for Fractions 5 – 9 (0.3, 0.32, 0.27, 0.27 and 0.35, 
respectively) com
p
fractions, Fractions 5 – 9.  This idea is supported by the 13C NMR spectra in
b
spectroscopy was not available for these fractions.  In their study of 
competing chlorination and bromination reactions, Westerhoff et al. (2004) 
demonstrated the greater redox potential of the active chlorine species, 
HOCl ( V63.1E0red += ) compared with the active bromine species, HOBr 
( V331.1E0red += ).  Potentially, due to the complex nature of organic mate
in Fractions 1 and 2 (Section 3.3.2), chlorine may have participated in 
oxidation reactions, producing active sites for reaction with electrophilic 
bromine, which has a higher electron density and smaller bond strength and 
hence is a stronger electrophile than chlorine (March, 1992). 
 
Further evidence for the incorporation of varying degrees of chlorine and 
bromine into produced THMs for each fraction was investigated through th
use of percentage halogen incorporation.  The percentage of the tota
chlorine and bromine added to the fractions which was incorporated into 
THMs is provided in Table 5.5.  The % chlorine and bromine incorporat
values were calculated according to Equations 5.2 and 5.3.  The data for % 
chlorine and bromine incorporation into THMs for each separate time pe
(i.e., 0.5, 1, 4, 24, 72 and 168 hours) is given in Appendix 4. 
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( ) 100doCln
CHnClBrBrCHnCl2CHnCl3
ionincorporatCl
2
223 ⎟⎞⎜⎜⎝
⎛ +×+×= ∑
sed
% ×⎟⎠
 5.2 
( ) ( ) ( )
( ) 100BrinitialnionincorporatBr% 223 ×⎟⎟⎠⎜⎜⎝=  5.3
CHnBrClClCHnBr2CHnBr3 ⎞⎛ +×+×∑
 
Where n = number of moles 
 
Table 5.5  Chlorine and bromine incorporation into THMs as a percentage of the total 
chlorine and bromine dosed to fractions. 
 
Fraction % Cl incorporated
% Br 
incorporated 
1 1.0 44 
2 1.3 46 
3 2.2 25 
4 4.5 25 
5 2.4 45 
6 2.1 43 
7 2.7 44 
8 2.5 41 
9 2.3 57 
 
For all fractions analysed, significantly greater amounts of bromine were 
corporated into THMs than chlorine.  Similar results for chlorine 
po ong et al. (1982), who found, in their study 
rine 
ration reached a 
aximum value of 30 %.  Consistent with these results, in the current study, 
d a 
n 
ns et al. 
in
incor ration were observed by Lu
of a slow sand filtered surface water in central London, that chlo
incorporation never exceeded 4 %, while bromine incorpo
m
chlorine incorporation was below 5 % and bromine incorporation reache
maximum of 57 %.  Cooper et al. (1983) found bromine incorporation i
natural surface waters could be as high as 60 % of initial bromide dose, with 
chlorine incorporation in the order of 10 – 20 %.  Furthermore, Symo
(1996) showed bromine incorporation in river waters of up to 30 %, with only 
~1 % of chlorine incorporated into THMs.  Higher percentage bromine 
incorporation than chlorine incorporation into DBPs is therefore well 
established (also Stevens, 1979, Luong et al., 1982, Amy et al., 1985, 
Pourmoghaddas et al., 1993, Symons et al., 1996). 
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The difference in incorporation of chlorine and bromine into produced THMs 
can be rationalised by a review of the rate constants for appropriate 
actions between chlorine, bromide/bromine and NOM.  Upon addition of 
hlorine (HOCl) to a solution containing bromide, bromide is oxidised to 
OBr (k = 1550 M-1 s-1) (Kumar and Margerum, 1987), which typically occurs 
uch faster than reactions between HOCl and NOM (k = 0.7 – 5 M-1 s-1) 
esterhoff et al., 2004).  The reaction between HOCl and bromide occurs 
ithin the first few seconds of contact (Echigo and Minear, 2006) and thus a 
ortion of HOCl may be consumed in the oxidation of bromide, increasing the 
OBr/DOC ratio.  This effect is compounded due to the cycling of bromide 
uring chlorination.  Westerhoff et al. (1998) reported that only approximately 
0 % of the bromine initially reacted with NOM forming brominated organic 
ine and participate in further reactions with NOM.  Through 
this process, 1 mol of bromide can potentially consume much more than 1 
mole of chlorine and this process of bro ycling  in part, unt fo
the greater bromine inco n observ Wester et al., 2004).  
How eactions betw Cl and 
r of magnitude more quickly (k 100 M-1
s-1 nd von ) than reactions between HOCl and 
 The re high inco ation of chlorine and relatively 
low tion of brom  THMs action d 4 ma a resu
of hi oncentrations o a-dihydroxybenzene moieties, as possibly 
latively r content of aromatic carbon in these 
heir 1 R spectra hough t igher ini hlorine 
dose of Fraction 3 is the likely cause of the lower percentage chlorine 
s frac
The v  THM formatio lting from dditio hlorine romin
t ine isolat  fractions ngly in es that tions in
M in e ction pla  a role in  observ
es.  Wh MR spe scopy w only able highlight
slight structural changes between the nin ctions,  significan
re
c
H
m
(W
w
p
H
d
1
compounds, while the remaining 90 % was reduced to bromide.  
Subsequently, the reduced bromide can be re-oxidised with available 
hlorine to bromc
mide c  can,  acco r 
rporatio ed ( hoff 
ever, r een HO meta-dihydroxybenzene moieties 
have been shown to occur an orde  = >  
) (Gallard a Gunten, 2002b
NOM in general. latively rpor
 incorpora ine into for Fr s 3 an y be lt 
gher c f met
indicated by the re  highe
3C NM , alt he h tial cfractions shown in t
incorporation for thi tion. 
 
aried n resu  the a n of c  and b e 
o each of the n ed MW  stro dicat varia  
the structure of NO ach fra yed  the ed 
ile 13C N ctro as to  speciation chang
e fra the t 
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differences in behaviour following disinfection suggest more pronounced 
variations.  Some clear trends were evi articu ith sim s 
on 1, the largest MW fraction, had a 
lo mand and ate THM   Along  data pre ted in 
as sug that this fraction was perhaps complexed 
with inorganic colloidal material, resulting  lower ntratio
ble for p tion in THM forming reactions.  Also, 
F le havi hlori and than Fraction1, did not 
ro ificant quanti f THMs, perhaps also due to the complexed 
ic 
tions 
h 
r 
 
ns 
 
en 
.  
was responsible for a very small percentage of THM precursors based on 
dent, p larly w ilaritie
between adjacent MW fractions.  Fracti
w chlorine de  moder FP. with sen
Section 3.3.2, it w gested 
 in a  conce n of 
precursors availa articipa
raction 2, whi ng a greater c ne dem
p duce sign ties o
nature and large MW of this material or, alternatively, indicating organ
material in this fraction supported formation of DBPs other than THMs.  
Fractions 3 and 4 had the highest chlorine demands of all the fractions, likely 
due to the high aromatic (potentially phenolic) content of these fractions.  
Disinfection behaviour, as well as NMR data, suggested that these frac
may contain meta-dihydroxybenzene moieties which could explain the hig
chlorine demand and high THMFP, as well as the greater formation of 
chlorinated THMs.  Fractions 5 – 9 all behaved similarly in the presence of 
chlorine (apart from the lower chlorine demand of Fraction 9) and had simila
THMFPs.  A difference was observed between Fractions 5 and 6 and 
Fractions 7 – 9, with a slightly higher rate of THM formation for the lower MW
Fractions 7 – 9, most likely due to the simplicity of formation pathways of 
THMs from lower MW material. 
 
From a treatment perspective, these results pose some interesting questio
with regard to disinfection of treated waters.  Previous work has suggested 
that, for some water sources, the < 1 000 Da MW fraction, isolated by 
ultrafiltration, can be responsible for the greatest production of THMs per mg
of DOC (Owen et al., 1993, Via and Dietrich, 1996, Kitis et al., 2002).  This 
conclusion has, however, been contradicted in other studies.  For example, 
Schnoor et al. (1979) identified the MW fraction < 3 000 Da of water tak
from the Iowa River as the most significant THM precursor accounting for 75 
% of THMFP, while the < 1 000 Da fraction contributed only 25 % of THMFP
In addition, Joyce et al. (1984) suggested that the < 1 000 Da MW fraction 
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chlorination experiments of ultrafiltered fractions of a surface water sample. 
In any event, it was shown in Chapter 3 of this Thesis and in the work of 
Chow et al. (1999) that coagulation effectively removes the mid to high MW 
fractions of NOM, leaving the low to mid MW fractions of NOM in coagulation
treated water.  The current disinfection studies show that, if complete 
removal of the f
 
 
our highest MW fractions (accounting for 59 % of the organic 
atter in the sample analysed) is achieved in coagulation treatment, only 
 low 
s 
 
 
 100 
n 
-1 
 
m
approximately 46 % of the THMFP of the water would be removed.  The
MW NOM fractions are therefore an important concern for water utilities a
they are a significant source of THMs upon chlorination of treated water.  
 
Trihalomethanes in drinking water are regulated by public health authorities 
at various concentrations.  In Australia, the TTHM guideline values are set at
250 µg L-1 (NH&MRC, 1996), while in Canada, TTHM concentrations are 
calculated on a local running annual average which should not exceed
µg L-1 (Canada, 2006).  Also, the Canadian guidelines stipulate that 
bromodichloromethane concentrations should not exceed 16 µg L-1 for the 
local running annual average, as this compound has been shown to have a
increased potential to form cancer in laboratory animals (Canada, 2006).  
The US Environmental Protection Agency (USEPA) regulates TTHM levels 
according to a maximum contaminant level (MCL), currently set at 80 µg L
(USEPA, 2007).  While reducing total THMs is the first area of concern for 
drinking water authorities, the speciation of THMs may also be an issue, as 
DBPs containing bromine may be more toxic than chlorinated species 
(LaLonde et al., 1997, Richardson et al., 2003, Plewa et al., 2004).  The 
speciation may become more of an issue in the drying climate in Australia as
waters of more marginal quality, and often containing higher bromide 
concentrations, must be utilised.  For these reasons, the lower MW fractions 
appear to be an even greater concern for water utilities, since they have 
incorporated higher levels of bromine into produced THMs, and, in particular, 
bromodichloromethane was the most abundant THM from Fraction 9.  It is, 
therefore, increasingly important to utilise treatment methods with some 
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capability to remove low MW NOM (e.g. MIEX®) and to develop new 
treatment methods for this purpose. 
 
5.4. Conclusions 
 
For the first time, disinfection behaviour of NOM MW fractions isolated by
HPSEC in a preparative mode has been applied.  This technique allows the
collection of MW fractions of NOM which can then be directly characteris
by techniques such as solid state 
 
 
ed 
.  
 from the entire isolation procedure of preparative 
PSEC, concentration by rotary evaporation, dialysis and lyophilisation was 
 NOM 
on of 
se 
y play a 
reater role in the observed chlorine demand.  The very largest MW fraction 
e 
13C NMR spectroscopy and disinfection 
behaviour.  Using preparative HPSEC, greater than 90% of the organic 
matter could be obtained and separated into nine discrete MW fractions
The recovery of DOC
H
87 %.  The nine fractions collected represented distinct MW fractions of
with apparent MW values > 72 000, 16 500, 4 900, 3 250, 2 650, 2 150, 
1 650, 1 350 and 1 100 Da, calibrated against PSS standards.  Reinjecti
these fractions onto an analytical scale HPSEC column, with a similar pha
to that of the preparative column, showed MW fractions with small 
polydispersities, indicating fractions containing similar sized MW species. 
 
It was found that the mid to high MW fractions exerted high chlorine 
demands (i.e., were very reactive with chlorine), likely due to the large humic 
component of these fractions.  Resorcinol type moieties within humic 
structures are very reactive with chlorine, and the high chlorine demand and 
more aromatic nature of these fractions indicated that resorcinol type 
moieties may be abundant in these fractions.  The smaller MW material had 
a moderate to low chlorine demand and a more aliphatic and less aromatic 
character than the mid to high MW fractions.  In these smaller MW fractions, 
methyl ketones, or structures oxidisable to those structures, ma
g
was shown to have a very low chlorine demand.  This is likely due to th
possible colloidal nature of the fraction, where organic material may be 
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associated with colloidal structures and not readily available for
with chlorine. 
 
The THM formation potential of the individual MW fractions was also 
measured, as an indicator to the formation of disinfection by-products an
provide the first direct information on the relative propensity of different M
fractions to produce THMs upon disinfection.  The fractions with the highest 
chlorine demands, the more aromatic Fractions 3 and 4, also produced the
highest concentrations of THMs, consistent with the idea that aromatic 
moieties, such as meta-dihydroxybenzenes, are significant THM precursors.  
While the highly aromatic larger MW fractions had a greater chlorine 
demand, not all of the by-products produced were in the form of THMs.  This 
is presumably due to the larger MW components requiring more reaction 
steps during attack by halogen to form the small THM compounds, with 
some intermediate oxidised and halogenated compounds formed.  In future 
work, adsorbable org
 reactions 
d to 
W 
 
anic halogen (AOX) measurements on the halogenated 
W fractions would allow study of the relative amounts of these intermediate 
n 
mation of brominated THMs was 
more favoured.  The high reactivity of the highly aromatic larger MW fractions 
is likely the reason for the greater incorporation of chlorine in the THMs 
formed from these large MW fractions.  For the smaller fractions, where 
reactivity with halogen is lower, bromine incorporation became a more 
dominant mechanism, despite the large excess of chlorine in the system. 
 
While the mid to high MW humic fractions (Fractions 3 and 4) contained the 
most relative amounts of DOC (57%) in the W300 water sample, these 
fractions are well-removed by conventional coagulation processes and, 
therefore, may play a minor role in THM formation in coagulation treated 
waters.  The lower MW fractions (Fractions 7 – 9), totalling 18 % of the DOC 
in the raw water sample, are poorly removed by coagulation treatment, but 
M
halogenated compounds. 
 
The distribution of the four THMs was also investigated for the fractions, with 
apparent MWs above 3 200 Da forming greater amounts of chloroform tha
the smaller MW fractions, where the for
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still form significant quantities of THMs (approximately one third of the 
TTHMs of all the MW fractions) upon disinfection.  These lower MW fractions 
are likely to be significant contributors to THM formation in treated waters 
and application of treatment methods, such as MIEX® resin or biological 
treatment, or development of alternative processes for their removal is vital 
for control of THM formation in these water types.
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6. ISOLATION AND CHARACTERISATION OF NOM FROM 
VARIOUS STAGES AT THE WANNEROO GWTP FOR 
EVALUATION OF THE PERFORMANCE OF TREATMENT 
PROCESSES FOR NOM REMOVAL 
 
6.1. Introduction 
 
This work was conducted in parallel with the much larger study carried out by
Warton et al. (2007), who compared the effect of treatment with MIEX
 
 
).  
é et 
aracterisation techniques to investigate 
e effect on product water quality of three treatment processes, namely 
tion with 
n related to chemical 
behaviour of NOM (Tier 3) and a spectral signature of NOM in-situ, such as 
here have been numerous published papers on the performance of MIEX® 
 
e 
 
ers to 
ly 
 
® resin
and coagulation at the Wanneroo Groundwater treatment Plant (WGWTP
In their research, Warton and co-workers (2007) investigated what Crou
al. (2000) termed Tier 3 and Tier 4 ch
th
MIEX® resin treatment, MIEX® resin treatment followed by coagula
aluminium sulfate (alum) and coagulation with alum operating in an 
enhanced mode.  The Tier 3 and Tier 4 characterisation techniques were 
outlined in Section 1.4.2 and provide informatio
UV absorbance (Tier 4). 
 
T
resin at a pilot or bench scale level (e.g. Morran et al., 1996, Nguyen et al., 
1997, Chow et al., 2001, Pelekani et al., 2001, Singer and Bilyk, 2002, Drikas
et al., 2003, Fearing et al., 2004), but work on full scale applications of th
MIEX® process has, until recently, been limited (Allpike et al., 2005).  The 
study by Warton et al. (2007) was the first of its kind describing the behaviour
of the MIEX® process on a full scale plant level using several paramet
assess its performance.  Briefly, the combined MIEX® and coagulation 
process (MIEX®-C) was found to produce higher quality water than simp
coagulation in an enhanced mode (EC), as measured by DOC concentration, 
UV254 absorbance, chlorine demand, THMFP, turbidity and colour.  Also, the 
MIEX® only process (not combined with coagulation) removed DOC with a
greater range of MW than the enhanced coagulation process, which 
preferentially removed the large MW fraction.  Significantly, THMFP was 
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appreciably lower in water from the combined MIEX® and coagulation 
process compared with water from enhanced coagulation treatment. 
 
After an extensive literature search, there does not appear to be any 
previous studies using Tier 2 characterisation techniques to investigate NOM
in water following treatment with MIEX
 
ment from the Myponga and Hope Valley 
servoirs located in South Australia.  It was observed that the mid to high 
R 
l. 
 a model 
m 
 
® resin.  Tier 2 characterisation 
techniques investigate the nature and abundance of structural units in the 
NOM molecules.  For example, Chow et al. (1999) used pyrolysis-GC-MS 
(Py-GC-MS) and Fourier transform infrared (FTIR) spectroscopy, as well as 
HPSEC, to characterise NOM isolated from raw water as well as remaining 
after alum coagulation treat
re
MW fraction of NOM (> 1000 Da) was removed after alum treatment.  FTI
data was inconclusive in this study due to contamination from residual 
aluminium sulfate which had not been removed prior to analysis, but Py-GC-
MS indicated that the NOM remaining after treatment was enriched in 
carbohydrate type material (Chow et al., 1999).  In a similar study, Page et 
al. (2003) used Py-GC-MS to investigate NOM from raw water as well as 
remaining after alum coagulation treatment in water from the Mt. Bold, 
Myponga and Warren reservoirs in South Australia, as well as the Moorabool 
and West Gellibrand reservoirs in Victoria.  Similar to the study of Chow et a
(1999), carbohydrate derived products were enriched in samples following 
treatment with alum coagulation (Page et al., 2003). 
 
Kazpard et al. (2006) investigated the effect of alum coagulation on
humic acid using 13C and 27Al NMR spectroscopy.  At low alum 
concentration, phenolic groups were preferentially associated with the alu
coagulant and hence appeared to be the easiest moieties removed by this
process.  As the alum dose was increased, carboxylic acid groups then 
appeared to be associated with alum, suggesting initially hydroxy aromatic 
moieties within NOM were preferentially removed, followed by negatively 
charged species such as carboxylic acids (Kazpard et al., 2006).  This is 
consistent with the suggestion in Section 3.3.3 that hydroxy aromatic 
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material in the large MW HPSEC fractions was preferentially removed 
the coagulation process. 
 
6.1.1. Scope of Study 
 
The work described in this Chapter focussed on characterisation of the 
nature and abundance of functional groups (Tier 2 characterisation 
techniques) in NOM isolated by ultrafiltration from water sam
during 
ples collected 
om four points within the WGWTP.  Samples were taken at points following 
eters, 
he water treatment process streams at the WGWTP have been described 
s and 
hematically in Figure 6.1. 
fr
aeration of the raw inlet water, following treatment with MIEX® resin, 
following treatment with MIEX® resin and coagulation, and following 
treatment by coagulation operating in an enhanced mode, at the same time 
as those described in the work of Warton et al. (2007).  The samples of 
isolated NOM in solution were analysed for some water quality param
as well as HPSEC-UV254-OCD, while the solid NOM isolates were 
characterised by Py-GC-MS, FTIR and 13C NMR spectroscopy. 
 
6.2. Experimental 
6.2.1. Samples 
 
T
in detail in Section 1.4.1.  The water treatment process stream
sampling points (*) at the WGWTP are shown sc
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Figure 6.1  Schematic of the WGWTP showing sampling locations (*) and sample 
names. 
 
Water from the four points of the WGWTP was sampled on 24th February 
2003, and taken at an identical time to the samples described in the wor
Warton et al. (2007).  Four 1 000 L 
*  sampling locations 
Inlet groundwater
Conventional Coagulation
MIEX®
Aeration
Enhanced Coagulation
Filtration and Final Disinfection 
*RW
*MIEX®-C
*MIEX®
*EC 
Reservoir and Distribution System 
k of 
stainless steel containers were cleaned 
ith high pressure steam, rinsed 5 times with the particular sample, then 
lled to the brim and sealed.  Following collection of 1 000 L of water sample 
om each of the four sampling locations at the WGWTP, the sealed samples 
ere transported immediately to air conditioned storage (20-25 °C).  Sub-
amples (8 L) were filtered through a 0.45 µm membrane (Saehan high-
lean polycarbonate membrane) and stored in the dark at 4 °C until required.   
.2.1.1. Ultrafiltration Treatment for Sample Isolation 
Samples were centrated usi usto igned ntial fl
ultrafiltration (UF) system.  The setup comprised four Prep/Scale-TFF 6 feet2 
membranes (P C, regenerate lose, Millipore, USA) with a nominal 
MW (NMW) cut-off of 1 000 Da.  Two of the membranes were connected in 
parallel, se mem es the nnected  secon
w
fi
fr
w
s
c
 
6
 
con ng a c m des  tange ow 
LA d cellu
 with each of tho bran n co  to a d 
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membrane in series.  Membranes connect series ed flow  to 
be increased,  maintaining ppro press ide th
twice the amount of sample  
 
o 
ed in  allow  rates
 while  the a priate ure ins e 
membranes (75 psi), and thus enabled  to be
processed than would otherwise have been possible.  The setup of the UF 
system is shown schematically in Figure 6.2. 
 
 
Figure 6.2  Schematic of ultrafiltration system. 
 
Approximately 1 000 L of the MIEX®-C and EC samples, 750 L of the MIEX®
sample and 600 L of the raw water (RW) sample were each concentrated t
Water Sample         
(originally 0.45 µm filtered) 
Retentate - recycled 
(concentrate containing NOM of NMW >1 000 Da) 
Permeate 
“waste” 
Flow control 
valve 
Pressure 
gauge 
UF membranes 
(NMW cutoff 
1 000 Da) 
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approximately 75 L by collecting the UF retentate and continually recyclin
this through the system until the required volume was reached while th
permeate was directed to waste.  Following this approximate 10-fold 
concentration step, the four samples were each further concentrated to abo
15 L using another ultrafiltration step with a single membrane (NMW 1 
Da) to reduce the amount of organic material potenti
g 
e 
ut 
000 
ally lost during the 
rocess.  Finally, the UF concentrates were freeze dried to obtain solid 
ection 6.2.2.7, 
vealed a high inorganic salt content (approximately 50 % ash) still 
L 
 
for 
 
6.2.2. Materials and Methods 
6.2.2.1. Purified Laboratory Water 
 
Purified water was obtained as outlined in Section 2.2.2.1. 
 
6.2.2.2. Measurement of Constituents and Water Quality Parameters in 
Water Samples 
 
Water quality parameters including pH, alkalinity , turbidity, UV254, colour, 
conductivity and the concentrations of bromide, chloride, total filterable 
solids, aluminium, calcium, iron, hardness, potassium, magnesium, 
p
isolates of 150 - 350 mg.  Elemental analysis, as outlined in S
re
remained in each solid isolate.  To remove the salts, samples were treated 
as follows.  A small portion of each freeze dried sample (~50 mg) was 
dissolved in purified laboratory water (400 mL) and added to a 400 mL UF 
cell (stirred UF cell, Amicon) fitted with a UF membrane (YM1, regenerated 
cellulose, Millipore, USA) with a nominal MW cut-off of 1 000 Da.  The 
volume was reduced to approximately 100 mL, and then made up to 400 m
again with purified laboratory water.  This procedure was repeated until the 
conductivity of the retentate decreased to approximately 5 µS M-1.  The
whole process was repeated on the entire amount of each sample to obtain 
isolates free from inorganic contaminants.  Finally, desalted retentates 
each of the four samples were freeze dried to obtain solid NOM isolates of 
50 - 150 mg. 
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manganese, sodium, sulfate, nitrate, silicon and total anions were 
determined as outlined in Section 3.2.2.2. 
 
6.2.2.3. Measurement of Dissolved Organic Carbon Concentration 
 
DOC concentrations were measured according to the procedure outlined in 
Section 3.2.2.3. 
 
6.2.2.4. Biodegradable Organic Carbon Concentration 
 
Biodegradable organic carbon (BDOC) concentrations were measured as 
outlined by Zappia et al. (2007), a method based on the method developed 
by Joret and Levy (1986), except that the biomass used to inoculate the 
flasks was grown on sintered glass Siran® beads in a biofilter fed with water 
from a production bore (W257) in the Wanneroo borefield. 
 
Briefly, innoculum (200 g) was added to the water sample (600 mL) in an 
annealed 1 L flask.  Filtered (0.2 µm) medical grade air was delivered to the 
flask (70 mL min-1) covered with a protective foil to ensure no UV light 
entered the flask.  Aliquots of the test water (40 mL) were taken from the 
sample vessel over a seven day period (after 0, 1, 4, 24, 48, 72, and 168 
hours) and the DOC concentrations determined.  The BDOC concentration 
was determined by the difference between the initial DOC concentration and 
the DOC concentration after the specified contact time.  The maximum 
concentration difference achieved over this 7 day period was the reported 
BDOC concentration. 
 
6.2.2.5. Assimilable Organic Carbon Concentration 
 
Assimilable organic carbon (AOC) concentration measurements were 
d to 
the CSIRO laboratory directly after colle
performed by researchers at CSIRO Land and Water, Floreat, Western 
Australia.  Water samples (1 L; stored on ice at ~ 0 °C) were transporte
ction.  The AOC concentration of the 
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MIEX® treated sample was not determined due to contamination during 
sample transportation.  AOC concentrations were determined according to 
the method of van der Kooij (1982) where a culture of Pseudomonas 
fluorescens PI7 and Aquaspirillum NOX were grown in the presence of 
sodium acetate and maximum counts determined and used to calibrate the 
AOC concentration of samples supplied. 
 
6.2.2.6. HPSEC Analysis 
 
HPSEC-UV254-OCD analysis was carried out according to the procedure 
outlined in Section 4.2.4 using a TSK HW-50s gel column (length 25 cm, 
inner diameter 2 cm, particle size 30 µm, pore size 125 Å).  
 
6.2.2.7. Elemental Analysis 
 
Elemental analysis was conducted on solid isolates of the four samples 
obtained after ultrafiltration and lyophilisation by Chemical and Micro 
Analytical Services Pty. Ltd, Victoria, Australia.  The percentage of carbon, 
hydrogen, nitrogen, oxygen and sulphur, as well as the percentage of ash 
(representing the inorganic component), were determined. 
 
6.2.2.8. Fourier Transform Infrared Spectroscopy of Solid NOM Isolates 
 
Fourier transform infrared (FTIR) spectra of the four solid NOM isolates were 
collected in the transmission mode using a Bruker IFS-66 spectrometer.  
Detector resolution was maintained at 4 cm-1 for all analyses.  Approximately 
1 mg of freeze dried material was ground and 250 mg of potassium bromide 
(dried at 100 °C) was mixed with the ground material, and the mixture was 
pressed into a small disc.  FTIR analyses were carried out by collecting 4 
background scans followed by 4 scans of the sample.  All FTIR spectra were 
scanned between 4 000 and 700 cm-1 and data analysis performed with 
OPUS software. 
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6.2.2.9. Pyrolysis-Gas Chromatography-Mass Spectrometry of Solid 
NOM Isolates 
 
Pyrolysi as chromatogr ectrometry (P ried 
out using a Chemical Data Systems 160 Pyroprobe. lid 
NOM isolates (~1 mg) were introduced into a quartz capillary with a plug of 
pre-annealed glass wool at one end and the capillary was placed inside the 
NiChrom  coil of the Pyrop  was inserted into be 
housing.  The coil was r 20 secs.  
interface temperature was maintained at 250 °C.  Pyrolysis products were 
cryofocussed at – 196 °C at the front of the GC colum or to 
elution. alysis was perfor
GC and 5971 mass selective detector (MSD) operating in the EI mode and 
scanning from 50 to 550 m/z with an ionisation energy of 70 eV.  Separation 
of pyrolysis products was achieved us
30 m x 0.25 mm i.d. and column phase thickness of 0.25
Phenomenex).  Helium was used as the carrier gas at a pressure of 8 psi, 
flow rate of 1 mL min-1 and 30:1 split ratio.  The following temperature 
program as applied:  310 oC (15 minutes) at a rate of 
4 oC.  The transfer line temperature was 300 oC, with the quadrupole at 
106 oC and the source maintained at 230 oC.  Data was collected using 
Chemstation software and mass spectra obtained compared to those in the 
Wiley 275 database for peak identification. 
 
6.2.2.10. Solid State 13C Nuclear Magnetic Resonance Spectr  of 
lid NOM Isol
 
All solid state 13C nuclear magnetic resonance (NMR) spectra were recorded 
at the S ol of Natural S ersity of Western S New South 
Wales, tralia, using W Avance 200 ectrometer 
operatin t 50.3 MHz (f  cross-polarizat ic angle 
spinnin PMAS) met amples analysed, 250 000 scans 
ere collected, with a contact time of 0.5 milliseconds and an experimental 
s-g aphy-mass sp y-GC-MS) was car
 The freeze dried so
e robe which the ro Pyrop
 heated at 650 °C fo   The pyroprobe/GC
n for 2 minutes pri
  An med by GC-MS on a Hewlett Packard HP 5890 
ing a fused silica capillary column: 
 µm (ZB-5, 
 40 oC (2 minutes) to w
oscopy
So ates 
cho ciences, Univ ydney, 
Aus  a Bruker DPX 200 MHz  sp
or 13C) using the ion and magg a
g (C hod.  For the four s
w
Chapter 6 216
recycle time of 1 second.  The sample spinning rate was maintained at 
6 000 Hz, except for sample 1 where a spinning rate of 8 000 Hz was also 
tested to check for the presence of spinning side bands.  The NMR data 
were Fourier transformed with a line broadening between 50 - 200 Hz to 
obtain the frequency domain spectra.  The chemical shifts were internall
referenced to adamantine and corrected relative to external tetrameth
(0 ppm).   
 
6.3. Results and Discussion 
6.3.1. Analysis of Water Samples Prior To Ultrafiltration  
6.3.1.1. Water Quality Parameters of Water Samples 
 
The WGWTP is novel in that it is configured to enable raw water to be 
directed into either or both treatment streams (Figure 6.1).  Following 
aeration, raw water can be diverted to the train employing both MIEX
y 
ylsilane 
 
ibed in 
ration (RW), following 
eatment with MIEX® resin (MIEX®), following MIEX® resin and coagulation 
treatment (MIEX®-C) and following enhanced coagulation (EC) were 
collected in February 2004 and some water quality parameters are given in 
Table 6.1. 
 
 
 
 
 
 
 
 
 
 
® resin 
and coagulation treatment, or to the train employing only enhanced 
coagulation treatment, or both treatment trains.  This enables both treatment
trains to be compared simultaneously with water of identical quality.  A 
detailed description of the process has been given previously as descr
Section 1.4.1.  Large (1000 L) water samples after ae
tr
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Table 6.1  Water quality parameters of samples from the WGWTP: raw water following 
aeration (RW), following MIEX® treatment (MIEX®), following MIEX® and coagulation 
treatment (MIEX®-C), and following enhanced coagulation treatment only (EC).  n.d. = 
not determined.  
 
Parameter units RW MIEX® MIEX®-C EC 
DOC mg L-1  6.85 3.5 1.7 2.25 
BDOC mg L-1 3.2 1.6 1.4 1.1 
AOC µg L-1 208 n.d. 62 35 
Total Alkalinity as 
CaCO3
mg L-1 90 75 55 35 
Alkalinity milliequiv. L-1 1.6 1.6 1.1 0.7 
Alkalinity as HCO3 mg L-1 99 91 84 42 
Bromide mg L-1 0.5 0.45 0.45 0.45 
Chloride mg L-1 170 190 215 170 
UV254 cm-1 0.43 0.25 0.07 0.09 
Colour (@ 400 nm) TCU 55 27 2 5 
Conductivity at 25ºC mS m-1 78 83 91 81 
Total Filterable Solids -
CO2
mg L-1 419 431 476 425 
Total Filterable Solids 
by Summation mg L
-1 468 476 508 446 
Aluminum - Unfiltered 
ICP mg L
-1 0.45 0.4 0.05 0.15 
Calcium ICP mg L-1 2.4 2.4 2.4 2.4 
Iro 0.1 n - Unfiltered ICP mg L-1 1.8 1.6 0.015 
Ha 9 90 89 rdness as CaCO3 mg L-1 90 8
Potassium ICP mg L-1 6.5 7 7 7 
Magnesium - 
Unfiltered ICP mg L
-1 7.5 7 7 7 
Manganese - 
Unfiltered ICP mg L
-1 0.045 0.045 0.04 0.04 
Sodium ICP mg L-1 110 115 135 110 
Sulfate ICP mg L-1 16 14 39 63 
Nitrate + nitrite as 0.05 nitrogen mg L
-1 < 0.05 0.55 0.07 < 
pH units 7.1 7.05 6.7 6.3 
Silicon (as SiO2) mg L-1 16 15 13 14 
Total Anions milliequiv. L-1 5.15 6.7 6.8 6.2 
Turbidity NTU 2.8 3.8 0.2 0.5 
 
The DOC concentration varies significantly between each of the four 
samples; DOC decreased from the RW value of 6.85 mg L-1 to 3.5 mg L-1
the MIEX
 for 
® sample (49 %), 1.7 mg L-1 for the MIEX®-C sample (75 % relative 
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to the RW) and 2.25 mg L-1 for the EC sample (67 % relative to the RW
Removal of this level of DOC after the various treatment processes is 
consistent with previously reported data on lab-scale, pilot-scale and full 
treatment facility scale experiments.  In a lab-scale study using virgin MIEX
resin, Boyer and Singer (2005) compared MIEX
).  
® 
nly 
t 
 
scale 
while 
y by 
ilot 
iodegradable organic carbon (BDOC), the portion of DOC that is both 
 
-C 
®, MIEX®-C and alum o
treatment on four samples taken from drinking water sources in California, 
USA.  DOC removal varied depending on the sample, with MIEX® treatmen
able to remove 36 - 72 % of DOC from the four samples.  Alum coagulation 
performed poorly compared to MIEX® treatment, with alum treatment able to 
remove only between 14 – 33 % of DOC from the same four samples.  
Combining the two treatment strategies did not significantly improve DOC
removal, with on average only a further 5% improvement using MIEX®-C 
compared to only MIEX® treatment (Boyer and Singer, 2005).  A pilot-
study of a Wanneroo raw water blend with an initial DOC concentration of 
12.1 mg L-1 found that MIEX® treatment reduced DOC levels by 58%, 
EC reduced DOC concentrations by 66% and combined MIEX®-C treatment 
reduced DOC concentrations by 82 % (Cadee et al., 2000).  In the stud
Warton et al. (2007), as well as the ‘summer blend’ samples analysed 
(identical to the samples studied in the current work), a typical ‘winter blend’ 
set of samples was also investigated.  The initial DOC concentration of the 
raw water in this sample set was 4.2 mg L-1.  For these samples, it was found 
that MIEX® treatment removed 54 % of the raw water DOC, while MIEX®-C 
and EC removed 61 % and 48 %, respectively (Warton et al., 2007).  In 
general, the performances of the various treatment strategies investigated in 
the current study are consistent with previous studies, particularly with p
and full scale studies where initial DOC concentrations were high as in the 
current study.  
 
B
mineralised and assimilated by heterotrophic flora, is determined as the 
difference between the initial DOC concentration and the minimum DOC 
concentration observed during the incubation period (Escobar and Randall, 
2001).  The RW BDOC (3.2 mg/L) decreased to 1.6 mg L-1 (50 % removal)
for the MIEX® sample, 1.4 mg L-1 (56 % relative to the RW) for the MIEX®
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sample and 1.1 mg L-1 (66 % relative to the RW) for the EC treated sample
Unlike DOC removal, the BDOC fraction of organic matter was more 
effectively removed by EC treatment compared to MIEX
.  
g 
 
of 
n 
tion of the low 
OC water.  Volk et al. (2000) concluded that the majority of BDOC may be 
 
DOC 
 
 
 
ave contributed to the higher than expected 
DOC of this sample.  If, in fact, the BDOC component is predominantly 
 
e 
®-C, while MIEX®-C 
treatment outperformed MIEX® treatment.  Volk et al. (2000) investigated the 
removal of both DOC and BDOC from 10 surface water samples followin
coagulation treatment and found their removal was linked.  It was shown that
waters with high DOC concentrations (10.7 mg L-1) typically had high BDOC 
levels (2.4 mg L-1), while waters containing low DOC concentrations (2.5 
mg L-1) typically had low BDOC concentrations (0.39 mg L-1).  Treatment 
these samples with alum resulted in a 56 % DOC and 40 % BDOC reductio
for the high DOC water and a 10 % DOC and 5% BDOC reduc
D
humic material of large MW or materials bound to humic substances; these 
materials are easily removed by coagulation (Chow et al., 1999 and results in
Section 3.3.3).  In the current study, while the good removal (66 %) of B
by EC sample is consistent with these reports, it would be expected that 
MIEX®-C would at least equal this performance.  Rather, the BDOC removal 
after MIEX®-C (56 %) was lower than EC treatment (66 %).  In the parallel 
study of identical water samples, Warton et al. (2007) identified that during 
the coagulation process after MIEX® treatment, the polyacrylamide
polyelectrolyte dose, added to aid flocculation, was, in fact, 
disproportionately high compared with the EC process.  Kay-Shoemake
(1998) reported that polyacrylamide flocculants were biodegradable via 
degradation of the pendant side chain, leaving the backbone chain [-CH2-] 
intact.  Residual polyacrylamide in the MIEX®-C water sample, resulting from
the high dose, could potentially h
B
comprised of larger humic material, as proposed by Volk et al. (2000), this 
could potentially explain its lower removal by MIEX® treatment.  As was
demonstrated in Section 3.3.1, MIEX® treatment appears to be less effectiv
in removal of this fraction EC or MIEX®-C treatment, hence the greater 
BDOC concentration after MIEX® treatment compared to the other two 
treatment methods. 
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Assimilable organic carbon (AOC) is the fraction of DOC which can be 
utilised by specific strains or defined mixtures of bacteria, resulting in 
increase of biomass concentration (Escobar and Randall, 2001).  AOC 
represents the most readily degradable fraction of biodegradable organic
matter (Escobar and Randall, 2001).  Again, the AOC decreased with 
treatment from the RW AOC of 208 µg L
an 
 
 
) and 25 µg L-1 (83 % removal) for EC.  The AOC 
oncentration of the MIEX® sample was not determined.  In the study by Volk 
etermined, and it was found that the AOC fraction was more difficult to 
d 
 
treatment 
gain 
ng to 
RW having the highest UV254 value (0.43 cm-1), with 
a reduction of almost 50 % for the MIEX® sample (0.24 cm-1) and significant 
.09 cm-1, 79 % relative to the RW) samples.  The high removal of this 
w 
 the 
 
 
54 
lmost 
-1 to the MIEX®-C value of 62 µg L-1
(70 % removal
c
et al. (2000), AOC concentrations of the 10 surface water samples were also 
d
remove during coagulation.  It was proposed that this fraction was comprise
of smaller non-humic or hydrophilic material (Volk et al., 2000).  If this is the
case, the MIEX®-C treatment would be expected to outperform EC 
with respect to AOC removal; however, this was not observed and may a
be a result of overdosing of polyelectrolyte in the MIEX®-C stream leadi
a higher AOC concentration than expected after this process. 
 
According to Clesceri et al. (1998), UV254 can be used as a surrogate 
measure for selected organic constituents, such as lignin, tannin, humic 
substances and various aromatic compounds.  The UV254 values for the four 
samples correlated reasonably well with their respective DOC 
concentrations, with the 
reductions for the MIEX®-C (0.07 cm-1, 84 % relative to the RW) and EC 
(0
material by MIEX®-C and EC treatment are consistent with coagulation 
treatment effectively removing the aromatic high MW fraction of NOM (Cho
et al., 1999 and Section 3.3.1).  Colour refers to the ‘true’ colour; i.e.,
colour of the sample with the turbidity removed.  The colour may result from 
the presence of natural metallic ions (e.g. iron and manganese), humus and
peat materials, plankton, weeds and industrial contamination (Clesceri et al.,
1998).  The colour values were strongly correlated with the respective UV2
and DOC concentrations, with the RW colour (55 TCU) reduced by a
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50 % after MIEX  resin treatment (27 TCU) and even greater removal
MIEX -C (2 TCU, 96 % relative to the RW) and EC (5 TCU, 91 % rela
the RW) treatment. 
 
6.3.1.2. HPSEC-UV
®  by 
tive to 
lysis of 
s 
®
254-OCD Analysis of Water Samples 
 
Using the method described in Section 4.2.4, HPSEC-UV254-OCD ana
the four collected water samples was conducted, and the chromatogram
from OCD are displayed in Figure 6.3. 
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Figure 6.3  HPSEC-OCD chromatograms of water samples: a) RW, b) MIEX®, c) MIEX®
C and d) EC. 
 
The RW sample contained organic carbon distributed over the largest ra
of MWs (100 - 30 000 Da).  The MIEX
-
nge 
 
ples had a similar MW range of 
etected organic carbon.  This is consistent with literature reports 
® sample had the next largest MW
range (100 – 9 000 Da) of organic carbon, while the MIEX®-C (100 – 
5 000 Da) and EC (100 – 6 000 Da) sam
d
(Vrijennoek et al., 1998, Drikas et al., 2003) as well as results obtained in this 
Thesis (Section 3.3.1), where it has been shown that coagulation is 
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particularly effective in removing the large MW components of NOM, 
whereas MIEX® treatment removes NOM over a wider MW range but is not 
as effective as coagulation at removing the very high MW material 
(> 10 000 Da) or the intermediate MW material (4 000 – 10 000 Da). 
 
Comparison of the four HPSEC-OCD chromatograms showed the majori
DOC in the RW sample had a MW of between 2 000 – 8 000 Da.  Aft
treatment with MIEX
ty of 
er 
, 
al 
me 
 
rial 
all 
ed 
nts 
cluding HPSEC-UV254 chromatograms along with HPSEC-OCD 
nic 
® resin, more than half of this material was removed
while MIEX®-C and EC treatment removed virtually all organic carbon 
> 4 000 Da and more than half the organic carbon of MW between 2 000  - 
4 000 Da which was present in the raw water.  Organic carbon with a MW 
less than 2 000 Da was present in similar amounts in all four samples.  
Material with MW from 1 000 – 2 000 Da was present in approximately equ
amounts for the RW and EC samples, but MIEX® treatment removed so
of this material, and MIEX®-C treatment removed even more of this material. 
Again, the RW and EC samples showed similar amounts of organic mate
with MW between 600 and 1 000 Da, but MIEX® treatment removed a sm
amount of this material, and MIEX®-C removed more of it.  The lowest MW 
organic carbon (with a MW range less than 600 Da) was again remov
most effectively by MIEX®-C treatment, and MIEX® and EC treatme
removed about half of this material. 
 
In
chromatograms provides insights into the composition of the eluted orga
material.  Figure 6.4 shows the HPSEC-UV254-OCD chromatograms of the 
RW, MIEX®, MIEX®-C and EC water samples. 
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Figure 6.4  HPSEC-UV254-OCD chromatograms of water samples: a) RW, b) MIEX®, c) 
MIEX®-C and d) EC.  The black line represents the OCD signal and the red line 
represents the UV254 signal. 
 
he most noticeable feature in Figure 6.4 is the significant overestimation of 
PSEC-OCD.  Similarly, it appears that low MW fractions 
.  This 
 
T
the largest MW material (> 10 000 Da) for the RW sample by HPSEC-UV254 
ompared to Hc
(< 2 000 Da) are underestimated by UV254 detection compared to OCD
is consistent with the material in the high MW region > 10 000 Da containing
highly aromatic or colloidal material and the lower MW fraction being 
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depleted in aromatic species and containing more hydrophilic aliph
species.  The chromatograms shown in Figures 6.3 and 6.4 are almost 
identical to those observed in the study of the WGWTP reported in Cha
of this Thesis.  The raw water was characterised by a large peak at very hig
MW (V
atic 
pter 3 
h 
r sample from Southern Germany.  With regard 
 the complete removal of this fraction by coagulation treatment, this 
 
ation (Vrijennoek et al., 1998), while 
a ou ly 
a re 6.4.
T rted am spl ame d MW
distribution as that observed in the raw am he tud
aja (1 254
ume 
 
 
 
h 
 
Kallavesi in Finland.  Treating Lake Kallavesi water with alum effectively 
o) in the UV254 chromatogram which does not correspond with the 
OCD signal.  In Chapter 3, this phenomenon was described as likely due to 
the presence of inorganic colloidal species which will induce light scattering 
in the UV detector and account for the observed signal.  Schmitt et al. 
(2003), in their study of surface water from southern Germany, found that 
inorganic colloids eluted at the void volume of the same HPSEC column.  
Similarly, Huber & Frimmel (1996) identified colloidal material at high MWs in 
their study of a surface wate
to
corresponds with the results in Section 3.3.1 on similar water samples.  If, in
fact, as suggested, the largest MW material contained colloidal species, it 
would be effectively rem guloved by coa
nge process w
 
the MIEX® anion exch ld like be ineffective in its removal, 
s observed in Figu
 
ypically, other repo  raw water s ples di ay the s  broa  
water s ple in t current s y.  
Peuravuori and Pihl 997) investigated the HPSEC-UV  MW profiles of 
four samples, two lake and two river water samples from Finland.  All 
samples displayed a large high MW component approaching the void vol
of the column, with decreasing amounts of lower MW species.  Using OCD,
Huber and Frimmel (1996) classified various MW regions of the HPSEC
chromatogram of a surface water sample from southern Germany.  Similar to
the sample in the current research, there was a large humic portion at hig
MW, with the intermediate MW fraction classified as fulvic acids, progressing
through to low MW hydrophilic compounds.  Apart from the absence of a 
peak representative of the colloidal component, the raw water in the current 
study had a similar MW distribution to the raw water in a study by 
Myllykangas et al. (2002) of alum coagulation of surface water from Lake 
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removed the mid to high MW species (> 2 000 Da in that study) similar to 
alum treatment in the current research.  However, the low MW fraction 
(< 1 000 Da) was poorly removed in the work of Myllykangas et al. (2002), a
found in the chromatograms in Figure 6.4 and the study of a similar set of 
samples from the WGWTP discussed in Chapter 3.  Fabris et al. (2007) 
investigated, by HPSEC-UV, the effect of MIEX
s 
is 
 
ies 
ion was able to remove the high MW 
action very effectively, while MIEX® treatment was responsible for NOM 
f 
nd 
s 
 
l 
® combined with coagulation (MIEX®-C) treatment. 
F 
the 
 
® combined with alum 
coagulation on water from the Myponga reservoir in South Australia.  In th
work, the material of MW 1 000 - 10 000 Da was totally removed, and 
chromatograms of treated waters were similar to chromatograms shown in
Figure 6.3 and 6.4, as well as results discussed in Chapter 3.  Similar stud
using HPSEC-UV254-OCD on surface water used at the Villejean treatment 
plant, France, showed that coagulat
fr
removal across a wider MW range and not as effective as coagulation for 
removal of the highest MW species (Humbert et al., 2007). 
 
Overall, HPSEC-UV254-OCD demonstrated that the MIEX®-C treatment 
removed the greatest amount of organic material over the largest range o
MWs.  The removal was greatest at MWs above 4 000 Da, with smaller but 
significant removal below this MW value.  EC treatment showed the seco
highest removal of organic material.  However, this occurred almost 
exclusively above 2 000 Da.  Below 2 000 Da, the DOC content in the EC 
sample was very similar to that in the RW sample.  MIEX® treatment of the 
water removed organic material across the entire MW range.  Removal wa
not as effective as EC above 2 000 Da, however, below this value, MIEX®
outperformed EC, while removing slightly less medium to high MW materia
than MIEX
 
6.3.2. Analysis of Ultrafiltration Isolated NOM Samples 
6.3.2.1. Elemental Analysis of NOM Isolates 
 
The samples collected from four points of the WGWTP were subjected to U
(membrane with NMW 1 000 Da) to concentrate the NOM.  Following UF, 
retentates were subjected to lyophilisation and the solid isolates obtained
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were analysed by elemental analysis at a commercial laboratory.  Results of 
the percentage ash (an indication of inorganic content) were approximate
50% for each sample.  As a result, small subsamples (50 mg) of the 
lyophilised samples were redissolved in purified laboratory water (400 mL) 
and subjected to a second UF treatment using a stirred UF cell and 
concentrated to 100 mL.  This process was repeated until the conductivit
the retentate was ~ 5 µS m
ly 
y of 
The whole process was repeated for the 
mainder of the sample and the UF retentates combined and freeze dried to 
ult to 
 
er 
ane.  
 
ies of 
 % 
ith 
 
-1.  
re
obtain solid NOM isolates free from inorganic contamination.  The yields of 
solid NOM obtained (RW = 150 mg, MIEX® = 140 mg, MIEX®-C = 50 mg and 
EC = 70 mg) were sufficient for a variety of analyses.  While Croué et al. 
(2000) stated that characterisation of NOM isolates that had not previously 
been fractionated into some sort of sub-groups might make results diffic
interpret due to the complexity of NOM, these fractionation steps are 
extremely time consuming and the procedures involved are complicated. 
Due to time constraints in the current study, it was not possible to furth
fractionate the isolated samples and characterisation techniques were 
carried out on the material which was retained by a 1000 Da UF membr
From previous work in our laboratory, we have found that, by using this 
isolation technique, approximately 65-70 % of the DOC from a Wanneroo
groundwater sample from the Gnangara mound was retained.  Recover
NOM in the four treatment plant samples were 62 %, 65 %, 60 % and 71
for the RW, MIEX®, MIEX®-C and EC samples, respectively, consistent w
our earlier study.  A sub-sample of each of the four NOM isolates was again
analysed for elemental composition at a commercial laboratory and the 
results are presented in Table 6.2. 
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Table 6.2  Elemental composition of the four NOM isolates.  (n.d. = not detected). 
Element (% w/w) RW MIEX® MIEX®-C EC 
N n.d. n.d. 1.26 1.16 
C 43.2 44.4 43 42.5 
H 4.12 4.55 4.85 5.23 
S 1.95 3.57 2.07 1.87 
O 43.4 43.6 43 42.3 
Ash @ 650 °C 8.0 8.5 8.2 4.5 
C/H  10.5 9.76 8.85 8.12 
C/O  0.99 1.02 0.99 1.01 
C/N  - - 34.1 36.6 
 
From the values in Table 6.2, it is apparent that the isolation procedure was 
uccessful in removing inorganic components from the four 
w ash values for the RW (8 %), MIEX® 
, MIEX -C (8.2 %) and EC (4.5 %) isolates.  In a study of surface 
 
relatively s
samples.  This is represented by lo
®(8.8 %)
water NOM isolated by UF from a bog lake in southern Germany, Abbt-Braun
et al. (2004) observed ash values of 3.4 %, while values as low as 0.7 % 
were found for samples isolated by adsorption onto XAD resin.  However, 
Croué et al. (2000) reported ash content as high as 34 % for reverse 
osmosis isolated NOM from the Blavet River in France, while nanofiltration 
isolated NOM contained 20 % ash from the identical source.  Isolation of 
NOM from the same source by XAD resins resulted in ash values of 3 %, 
which was apparently low enough for accurate determination of elemental 
composition in the samples (Croué et al., 2000).  The elemental 
compositions of the four samples in this study were all quite similar.  
According to Abbt-Braun and Frimmel (1999), the C/H ratio is an indication of 
the aromatic/aliphatic character of the sample.  A high C/H ratio indicates 
greater aromatic content, while lower C/H ratios indicate greater aliphatic 
character (Abbt-Braun and Frimmel, 1999).  On this basis, aromaticity 
decreased in the order RW, MIEX®, MIEX®-C and EC, while aliphatic nature 
increased through in this order.  The UV254 data from Table 6.1 supports this 
observation, with the RW sample having the highest UV254 absorbance (0.43 
cm-1), indicating greater aromaticity or conjugated double bonds, followed by 
MIEX® (0.25 cm-1), EC (0.09) and MIEX®-C (0.07).  In a study of the 
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Suwannee River in the USA, Croué et al. (2000) separated NOM into 11
fractions using various resins on the basis of polarity.  Using this approach, 
hydrophobic (acids and bases), transphilic (acids and neutrals), hydroph
(acids (x2), neutrals and bases) and ultrahydrophilic (acids, humic acids 
neutrals) materials were isolated.  It was observed that, as the material 
became less hydrophobic, the C/H ratio generally decreased.  In relation
the current study, MIEX
 
ilic 
and 
 to 
t 
icative of a greater hydrophilic 
ontent.  Croué et al (2000) observed that C/O and C/N ratios remained 
obe, 
e 
al., 
990, Saiz-Jimenez, 1995, 
roué et al., 2000, Garcette-Lepecq et al., 2000, Gobé et al., 2000).  Figure 
® treatment reduced the C/H ratio, indicating more 
hydrophilic NOM compared to the RW while MIEX®-C and EC treatmen
resulted in an even lower C/H ratio, ind
c
similar for all samples analysed.  The C/O ratios of the four samples in this 
study were very similar and the C/N ratios, while only available for the 
MIEX®-C and EC samples, were again very similar. 
 
6.3.3. Pyrolysis-GC-MS Analysis of Solid NOM Isolates 
 
The four NOM isolates were subjected to pyrolysis at 560 ºC in a Pyropr
followed by GC-MS analysis of the pyrolysis products (Py-GC-MS).  In 
Py-GC-MS, some specific degradation fragments (products) are known to b
produced from macromolecular class types, such as carbohydrates, proteins 
or amino sugars and polyhydroxyaromatic compounds(van der Kaaden et 
1983, Gadel and Bruchet, 1987, Bruchet et al., 1
C
6.5 and Figure 6.6 show the pyrograms of the four NOM isolates: RW, 
MIEX®, MIEX®-C and EC.  More than 100 pyrolysis products were detected 
in the four samples analysed, although only the 41 most abundant are 
displayed in Figure 6.5 and Figure 6.6.  These are identified by number and 
listed in Table 6.4. 
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Figure 6.5  Pyrograms obtained by Py-GC-MS of NOM isolates from a) RW and b) 
MIEX®.  Numbers above chromatograms refer to identification key in Table 6.4. 
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Figure 6.6  Pyrograms obtained by Py-GC-MS of NOM isolates from a) MIEX®-C and b) 
EC.  Numbers above chromatograms refer to identification key in Table 6.4. 
Table 6.3  Most abundant compounds identif
 of compound type relates to Figure 6.5 and 6.6. 
ied in pyrograms of four NOM isolates.  
Peak number Compound Category 
Category
(as in Figure 6.5 & 6.6) 
1 chloromethane halomethane 
2 methylpropene aliphatic hydrocarbon 
3 butene aliphatic hydrocarbon 
4 bromomethane halomethane 
5 isocyanic acid carbohydrate 
6 acetonitrile protein 
7 nitroethane protein 
8 propanone carbohydrate 
9 dimethylcyclopropane aliphatic hydrocarbon 
10 propenenitrile protein 
11 iodomethane halomethane 
12 hexene aliphatic hydrocarbon 
13 butanone carbohydrate 
14 butenenitrile protein 
15 methylfuran carbohydrate 
17 acetic acid carbohydrate 
18 benzene BTEX 
19 dimethylfuran protein 
20 thioglycolic acid organosulfur 
21 toluene BTEX 
22 methylpyrazole protein 
23 xylenes BTEX 
24 methylcyclopentenone carbohydrate 
25 methylfurandione carbohydrate 
26 methylcyclopentenone carbohydrate 
27 phenol phenol 
28 decene aliphatic hydrocarbon 
29 trimethylbenzene BTEX 
30 methylcyclopentadiene aliphatic hydrocarbon 
31 dimethylcyclopentenone aliphatic hydrocarbon 
32 methylphenol phenol 
33 cyclopropylpentane aliphatic hydrocarbon 
34 dimethylphenol phenol 
35 methylindene protein 
36 ethylphenol phenol 
34 dimethylphenol phenol 
37 piperidinedione protein 
38 methylpiperidinedione proteins 
39 dimethylpyrroledione protein 
40 methylbenzofuran carbohydrate 
41 dimethylnaphthalene PAH 
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Py-GC-MS can provide a ‘fingerprint’ of the NOM that is quite specific.  In 
order to simplify the results, the more than 100 detected pyrolysis prod
were allocated to one of nine categories based on the probable origin of the 
fragment.  The categories were BTEX (benzene, toluene, ethylbenzenes an
xylenes), carbohydrates, proteins, phenols, polyaromatic hydrocarbons 
(PAHs), organosulfur, aliphatic hydrocarbons, halomethanes and an 
unidentified category representing products which could not be positively 
identified by comparison of their mass spectra to the Wiley275 mass sp
database.  These classifications are based on work by Croué et al. (200
Garcette-Lepecq et al. (2000), Gobé, et al. (2000), Gadel and Bruchet (1987
and references therein), Saiz-Jimenez (1995), Bruchet et al. (1990) and v
der Kaaden et al. (1983).  The proportion of species within these categories 
was determined b
ucts 
d 
ectral 
0), 
, 
an 
y summing the areas of each peak and calculating the ratio 
f this total category peak area to the total area of detected peaks as a 
 
o
percentage.  This process was carried out in an identical manner for all of the 
four samples providing a consistent method for comparison of individual 
peaks and an estimate of the relative proportion of each biopolymer type in
the sample.  These ratios are presented as pie charts in Figure 6.7.  The 
peak areas, as well as associated category of the individual identified 
pyrolysis products are listed in Appendices 5 and 6. 
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Figure 6.7  Relative yield of pyrolysis products of various biopolymer origin from 
NOM isolated from a) RW, b) MIEX®, c) MIEX®-C and d) EC. 
 
Comparisons of the four samples showed similarities and also some 
teresting differences.  Firstly, the contribution of the BTEX compounds was 
fficult 
e 
at 
t 
– 
in
quite consistent throughout the four samples (12-16 %), however, it is di
to assign these compounds to any biogenic precursor as they have divers
origins, and, in most cases, are probably secondary pyrolysis products 
(Sihombing et al., 1996).  There were also a number of peaks (12 % - 14 % 
of the total peak area) that could not be positively identified in each of the 
four chromatograms.  While a number of these peaks had mass spectra th
gave an indication of the likely structure, positive identifications still could no
be made.  These relatively low values meant that between 86 % - 88 % of 
the total pyrolysis peak area could be positively identified as specific 
pyrolysis products.  Croué et al. (2000), in their study of hydrophilic and 
hydrophobic fractions of the Suwannee river NOM, reported between 79 % 
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98 % of the total peak area representing pyrolysis products could be 
identified, while Page et al. (2003) found between 86 % - 94 % of the 
pyrolysis product peak area could be identified in their study of pyrolysis of 
NOM samples isolated from four alum treated surface waters.  One of the 
biggest differences amongst the four samples was the contribution of 
carbohydrate derived compounds.  The proportion of carbohydrate derived 
species for the RW was 36 %, compared with 23 % for the MIEX® sample, 
14 % for the MIEX®-C sample and 34% for the EC sample.  In a study of four 
surface water samples taken from South Australia (3) and Victoria (1), Page 
et al. (2003) used Py-GC-MS to characterise the raw waters, as well as the 
remaining NOM after treatment with alum.  All four samples in this study 
showed alum coagulation was ineffective for the removal of carbohydrate 
derived material, as shown by an increased relative percentage after 
treatment.  The EC sample analysed in this research similarly showed that 
enhanced alum coagulation appeared to be ineffective for removal of 
carbohydrate derived material.  While carbohydrate derived compounds may 
still have been removed during coagulation, the relative concentration 
compared to material from other biopolymer sources was enriched.  HPSEC-
UV254-OCD (Figure 6.3d and Figure 6.4d) indicated that EC was particularly 
effective in removing the high MW portion of NOM.  Combining HPSEC data 
with results from Py-GC-MS analysis may indicate that the large MW fraction 
preferentially removed by EC treatment was comprised of structures deficient 
in carbohydrate derived material.  This is consistent with the hypothesis 
proposed in Section 3.3.3 that this high MW material contained mainly humic 
type material deficient in oxygenated moieties.  Chow et al. (1999), in a 
similar study of three surface waters from South Australia, found coagulation 
treatment removed the high MW species and the remaining NOM was 
enriched in carbohydrate derived material. 
 
The protein derived material demonstrated a different trend, with EC (6 %) 
and MIEX® (7 %) samples containing a similar proportion of protein markers 
to the RW (4 %), while MIEX®-C (24 %) had an elevated proportion of these 
protein markers.  Possibly this could be due to MIEX®-C treatment simply 
removing material from other categories to a greater extent compared to 
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protein derived substances, while MIEX® and EC, as a fraction of the total 
NOM, removed the protein markers to a similar extent.  It could be expected 
at the anion exth change removal mechanism of the MIEX® resin may not be 
onducive to removal of such material; as well, the alum coagulant used may 
lso be ineffective in removing positively charged species in the protein 
ategory.  In a study of various fractions isolated by XAD type resins, Croué 
t al. (2000) found that the most hydrophilic fractions included up to 40 % of 
e identified pyrolysis product area as protein derived material.  Similarly, 
ccording to the HPSEC results in Section 6.3.1.2, the MIEX®-C sample 
ontained the most low MW hydrophilic material, as well as producing the 
reatest proportion of protein derived markers upon pyrolysis. 
he phenols, possibly representative of tannin or lignin inputs (Sihombing et 
l., 1996), showed similar proportions in three of the four samples, with only 
e MIEX®-C process having a reduction in the contribution of phenolic 
ompounds.  Also, van Heemst et al. (1999) reported phenolic compounds 
ould be derived from several sources, including lignins and tannins, as well 
as proteins, ti the urce en  It would 
appear from the pyrol ® and EC treatment 
were able to remove the biopoly  
contribution to an equal extent relative to
in each sample.  Possibly the different removal mechanisms of the two 
treatment proce remov rial o ere ins and the combination 
of the two techniques is able to remove ider  of m al responsible 
for the derivatio henol nting for the lower percentage of phenol 
in the MIEX®-C d sam
 
he presence of higher relative amounts of aliphatic hydrocarbons possibly 
represents a greater aliphatic content of NOM in the MIEX®-C treated 
sample.  The combination of coagulation, which effectively removes large 
MW, hydrophobic material (Chow et al., 1999 and work described in Section 
3.3.3), and MIEX® treatment, which targets NOM over a wider MW region 
(Section 3.3.3), has resulted in an increased proportion of material 
responsible for producing aliphatic compounds upon pyrolysis.  This possibly 
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ysis data in Figure 6.7 that MIEX
mers responsible for the phenolic
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represents the material recalcitrant to both treatment methods.  The lower 
percentage amounts of aliphatic compounds after only MIEX® or EC 
eatment possibly epresents the lower relativetr r  removals of other compound 
classes, resulting in the aliphatic markers accounting for a lower overall 
percentage of identified pyrolysis products.  The proportions of PAH, 
organosulfur and halomethane markers were relatively similar for all of the 
four samples. 
 
6.3.4. Fourier Transform Infrared Spectroscopy of Solid NOM Isolates 
 
FTIR spectroscopy is useful for identification of functional groups.  Various 
functional groups can be assigned to certain infrared bands, based on the 
detailed work of Stevenson and Goh (1971), who investigated the 
wavelengths of absorbances of functional groups in various humic acid 
samples, and the major treatises in IR spectroscopy by Nakanishi and 
Solomon (1977) and Silverstein and Webster (1997).  Typically, 
comprehensive interpretation of pure compounds is complex due to the 
generation of many absorbance bands.  Paradoxically, the complexity of 
NOM makes the interpretation of spectra simpler, because only the strongest 
bands can be identified and associated with structural moieties (Croué et al., 
1999).  Figure 6.8 shows the FTIR spectra of the RW, MIEX®, MIEX®-C and 
EC solid NOM isolates. 
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~1 720 cm indica of C tret .  T ould ue t
p ce rboxy 1 72 -1), nic 5 c aldeh
(1 740 – 1 720 cm-1 ster 50 – 20 c carb grou hich
have a strong absorbance at this wav gth.  str and 
~1 620 cm s po  the bin ntr n o mid etch
(C=O, 1640 cm-1) and amide II bend (N-H, 1 655 – 1 620 cm-1) and N-H 
b g v ns o ines 50 – 80 c   Ar c ca
stretches (1 600 cm  1 5 m-1) also produce moderate to strong 
bands in this region.  The mo te to ng  at 0 cm
characteristic of asymmetric ym ic b g o  and grou
ssociated with carbonyl moieties, such as those of ketones, esters and 
carboxylic acids.  A significant feature of the FTIR spectra was absorbance 
bands centred at ~1 100-1 200 cm-1.  Several functional groups give signals 
in this region, including bands due to C-O stretching of alcohols (1 000 –
 1 200 cm-1), C-O stretching and O-H deformations of carboxylic acids at 
~1 200 cm-1, C-O stretching of esters (~1 100 cm-1) and C-O-C stretching of 
ethers (~1 100 cm-1) (Nakanishi and Solomon, 1977, Silverstein and 
Webster, 1997).   
 
Treatment of the RW sample, however, did show some variations in the FTIR 
spectra of the NOM isolates.  Most noticeably, the MIEX®-C (Figure 6.8c) 
and EC (Figure 6.8d) treated samples displayed a significant absorbance in 
the 1 000 – 1 200 cm-1 region, possibly representing C-O stretching of 
various functional groups.  Also, the S-O stretching of the sulfate group has a 
broad band in this region (~1 150 cm-1), as well as minor bands at ~850 cm-1 
(Nakanishi and Solomon, 1977, Silverstein and Webster, 1997).  This may 
be particularly significant in the MIEX®-C (Figure 6.8c) and EC (Figure 6.8d) 
samples, as these waters are high in sulfate ion during the coagulation 
process, and the large peak in the 1 000 – 1 200 cm-1 region of the IR 
spectra may indicate that residual sulfate may not have been completely 
removed during the desalting process.  
 
A reduction in the relative proportion of the band at ~1 620 cm-1 compared to 
other bands in the spectrum of the MIEX®-C and EC samples compared to 
-1 is tive =O s ching his c  be d o the 
resen of ca lic (~ 0 cm  keto  (1 71 m-1), ydic 
) or e (1 7  1 7 m-1) onyl ps, w  all 
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the RW sample possibly indicates a reduction in the amount of aromatic 
carbon in the MIEX®-C and EC samples.  HPSEC results showed effective 
removal of the high MW, highly aromatic fraction for the EC (Figure 6.4d) and
MIEX
 
moved a lesser amount of this material.  The FTIR spectra in Figure 6.8 
pp a that IEX®-C a C sam lo
ve to other signals observed.  A 
ant feature of the RW FTIR spectrum (Figure 6.8a) was a strong 
ance band at ~1 050 cm-1.  For the ® treated sample (Figure 
the rela  proportion of the band at this position had been reduced, 
ly indicating a prefer al remova cohol moieties.  The nature of 
treatment, i.e. anion
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y due to residual su  make interpretation of the region around 
-1 of the spectrum impossible.  T
icates me differe in remaining NOM is at ~ 1 360 cm-1, 
ive of methyl groups ociated with carbonyl carbon.  The 
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6.3.5. Solid State 13C Nuclear Magnetic Resonance Spectroscopy of 
Solid NOM Isolate
pectroscopy is an a tive method to investigate NOM structure 
quantitative organic ural information can be 
ted in both solution  solid states under nondegradative conditions 
n, 1987 However,  spectros  is not as s itive as FTI
scopy, requiring sa  sizes at l 50 times greater and 
cation under certain ditions is difficult (Nanny et al., 1997).  With 
ind, solid state 13C NMR analysis of the four NOM isolates was 
ed to ther chara se the stru  of each sa le.  The 13C 
pectra of the four NOM isolates are presented in Figure 6.9. 
 
Figure 6.9  Solid state 13C CPMAS NMR spectra of NOM isolates:  a) RW, b) MIEX®, c) 
MIEX®-C, d) EC. 
 
Due to the increased sample size obtained in this study, the 13C NMR 
spectra were of superior quality to the spectra obtained in Chapter 5 of this 
Thesis.  Spectra of the four samples were integrated over five spectral 
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regions.  These spectral regions can be attributed to the following 
functionalities: 0 - 60 ppm to aliphatic carbon, 60 - 100 ppm to carbohydrates 
tes, 100 - 165 ppm to aromatic 
carbon, 165 - 190 ppm to 
groups (Croué et al., 2000, Hatcher et al., 2001, Bianch ., 20  
2006).  The alipha udes the cumulative areas between 0 
d 100 ppm and the area  100 - 16 pm is ass ned to c 
ons (Malcolm, 1990).  T erior s tai  s
e integration o  (190 – 230 ppm) classified as carbonyl 
ich was not po pter 5  to th  noise tio o
 earlier spectra.  Ta s the re lts from tion of the four 
ctra over these region
  Relative proporti ypes in the solid state C NMR s
OM isolates: Integrati  solid analysis of X®,
d EC (Figure 6.9) tage of peak area o ctrum, ppm is 
 shift of peak in pa .   
l linkages shift range 
(
RW MIEX ®-C EC 
or O-aliphatic carbons, e.g. carbohydra
carb xyl carbon, and 190 - 230 ppm to carbonyl o
i et al 04, Keeler
et al., tic region incl
an  between 5 p ig aromati
carb he sup pectra ob ned in this tudy 
allowed th f a fifth group
carbon wh ssible in Cha due e signal to  ra f 
these ble 6.4 show su  integra
spe s. 
 
Table 6.4 ons of carbon t  13 pectra of 
RW, MIEthe N on results from  state 13C NMR  
MIEX®-C an .  % = percen f total spe
chemical rts per million
Chemica
Chemical 
ppm) 
® MIEX
Aliphatic carbon 61.5 % 66 % 0 % 0 - 60   7 59 % 
O-aliphatic carbon 9. 0.5 0 % % 60 – 100 5 % 1 % 1  8 
Aromatic carbon 1 11 % 8.5 % 10 % 00 – 165  % 5 
Carboxyl carbon 1 15 % 13 5 % 18 % 65 – 190  % 12.
Carbonyl carbon 3 2 % 2.5 % 5 % 190 - 230  % 
 
Similar NMR spectra of ed N ple btai
nated b atic carbo signal 
resol
iphatic carbon a he m nda n al
hould be noted hatic ca n be o estimate sing 
13C NMR spect py.  This is paren  a h
of magnetisation  from to C  
 other carb ilson Templi , 
y explain a possible stimation of aliphatic carbon content, and 
stimation of the arom mponent, in the four samples, as 
gested by compariso SEC  Sectio .3.1.2, where the 
the four isolat OM sam s were o ned 
(Figure 6.9), domi y a strong, broad aliph n and a 
similarly strong, but narrower and better ved, carboxyl carbon signal.  
While al ppears to be t ost abu nt type i l four 
spectra, it s  that alip rbon ca ver d u
CPMAS with rosco  ap tly due to igher 
efficiency  transfer hydrogen carbon in H2 groups
compared with o (Wn types , 1 7, 98 er et al. 2005).  
This ma  overe
undere atic co
sug n with the HP  d  inata n 6
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intermediate MW range though
tures.  The four 13C NMR spectra appear similar to the spectrum from a 
obic fraction of s  collecte from th pe Ri r in 
nce in the study by Te . (2005) n the s m l. 
5), it was proposed that the hydropho ion had gnificant in 
ohydrate input.  upp po posed  
where inle he W , sampl  at a di
od, had a significa phobic co nt, su  l
ntribution from th phenol res  and
r spe lso o  for s ic mat al 
pecq et al., 2000) and kerogen-like organic matter from recent 
onzalez et al.
 RW wit lted val of a roximatel alf of 
om the relative proportions of carbon 
Table 6.4  tre s re  in
ng the aromatic fr 1 % d w ® 8.5 %), as 
o other carbon e ab ifferenc etween t  
d areas of the s e RW gure 6.9a nd MIE re 
.3a and b) indic interme ate to h  fractio
) was  removed by this treatment method, 
lting in the rela duction rbo  rel the
species det MIEX® sample compared to the RW 
 higher prop hatic c in t um
mple suggests s effect  in the rem val of 
t with the MIEX®- ss rem  of , b r 
® IEX® ot signific tly alter th istribu
s compared t mple.  Again, aromatic carbon was 
tly depleted, indicating the preferentia l o  m
 the aliphatic signal w r relative to the RW value (Table 6.4), 
 indicating that mate present s ca e is
material was t to contain significant aromatic 
struc
hydroph urface water d e Gartem ve
Fra mplier et al .  I tudy of Te plier et a
(200 bic fract  si lign
and carb This would s ort the hy thesis pro  in
Section 3.3.3 t water from t G PWT ed fferent 
time peri nt hydro nte ggesting a arge 
aromatic co e poly ic structu  of lignin  tannin 
type material.  Simila ct e ara wer bs ederv oi uml h eri
(Garcette-Le
sediments (G , 2003). 
 
Treatment of the h MIEX® resu  in remo pp y h
the DOC (Table 6.1).  It would appear fr
types by NMR ( ) that MIEX® atment wa slightly mo  effective  
removi action (RW 1  compare ith MIEX
opposed t  types, but th solute d e b he
integrate pectra from th (Fi ) a X® (Figu
6.9b) NOM isolates was small.  The HPSEC data for these two samples 
(Figure 6 ated that the di igh MW n 
(1 000 – 20 000 Da  preferentially
possibly resu tive re  of this ca n type in ation to  
other carbon ected in the 
sample.  The ortion of alip a on rb h re spect  of e  th
MIEX® sa MIEX® is les ive o aliphatic 
species. 
 
Treatmen C proce oved 75%  the DOC ut, simila
to MIEX  treatment, M -C did n an e d tion of 
carbon type o the RW sa
sligh l remova f aromatic oieties, 
while as highe
possibly rial re ed by thi rbon typ  more 
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recalcitrant for MIEX®-C tre   EC treat nt removed 67% of the DOC 
ulted in NOM with MR distribution (Figure 6.9d).  The 
 integrated propo atic carbon (59 %) was slightly lower 
pared with the RW (61.5 hile the ion nin n 
were not significan  tho  RW appe
icate that EC treatment  each as on
rticular prefere
 of NOM isolat  Aus urces (two from Victoria 
 one from the Wannero ), Won 200 sol C 
R spectroscopy to obta ral characteristics of these samples.  In 
y Wong et al. (2002), the 13C NMR spectrum of isolated material 
e WGWTP was si RW NM pectru  curren
rch (Figure 6.9a), d  aliphatic carbon with the remaining 
 over the spectra.  Unfortunately in the 
 research, integ f eac al re re not
ng a direct comparison difficult.  Fractionation of the sample 
sing XAD resins into a str dropho tly hyd phobic and 
ydrophilic fraction resulted in a more intense aromatic carbon signal in the 
ydrophobic fraction, while the slightly hydrophobic fraction had a 
greater proportion of aliphatic and O-aliphatic carbon.  The hydrophilic 
frac  to lack of sample, but it 
app al was in the aliphatic and O-
alip t ture of 
the hy r 
amount of aromatic material, while the hydrophilic fraction remaining after 
coagulation treatment being enriched in aliphatic and O-aliphatic carbon.   
 
Overall, in terms of characteristics of NOM remaining after the various 
treatments, NMR revealed some interesting trends.  Treatment of the RW 
with MIEX® resin showed increases in the relative amounts of aliphatic 
carbon and O-aliphatic carbon, with small decreases in the relative amounts 
of aromatic carbon, carboxyl carbon and carbonyl carbon.  The ion-exchange 
properties of the MIEX® resin mean that it is likely to remove the negatively 
atment. me
and res  a similar N
relative rtion for aliph
com  %), w  proport s of remai g carbo
types tly different to se in the .  is Th ar o s t
ind removed  of the me ured carb  types 
without pa nce. 
 
In a study ed from three tralia so
and o GWTP g et al. ( 2) used i 13d state 
NM in structu
the study b
from th milar to the R s m in the t 
resea ominated by
signal distributed relatively evenly
previous rated areas o h spectr gion we  
reported, maki
u ongly hy bic, sligh ro
h
more h
tion produced a poor quality spectrum, due
eared that the majority of the NMR sign
ha ic range (Wong et al., 2002).  This would support the likely na
drophobic component, removed by coagulation, containing a greate
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charged fraction of aquatic NOM.  With regard to NMR analysis, this is 
shown as the carboxyl carbon type.  Properties of the water after further 
treatment with coagulation (MIEX®-C) showed similar trends to the MIEX® 
treat agu , t h th e 
aliphatic c t becam igh  ar te
lower.  T sistent dea ig r w
aromatic ateria moved by coagulation processes (Chow 
et al., ults in  3). en W s ly 
very s d the l g nt . I ly, 
the ca  and d c rb t inc
while there were very slight decreases in the aliphatic, O-aliphatic and 
aromatic carbon content, after the enhanced coagulation stage.   
 
6.4. Conclusions 
 
Ultrafiltration with a NMW 1 000 Da membrane was successfully used to 
isolate and desalt sufficient NOM from four samples from the Wanneroo 
GWTP to allow detailed characterisation.  The Wanneroo RW had a 
relatively high DOC concentration distributed over a wide range of MWs.  
The characteristics of this water were similar to those observed in surface 
reservoirs in South Australia (Fabris et al., 2007), however, the Wanneroo 
sample had the additional presence of colloidal material at very high MWs.  A 
similar very high MW fraction has been previously reported in samples taken 
from a bog Lake in the Black Forest of southern Germany (Huber and 
Frimmel, 1996, Schmitt et al., 2003).  NMR and FTIR data suggested the RW 
NOM was similar to the hydrophobic fraction of surface waters taken from a 
number of European sources (Huber and Frimmel, 1996, Peuravuori and 
Pihlaja, 1997, Myllykangas et al., 2002, Schmitt et al., 2003).  The RW 
sample contained the highest DOC content of all four samples, with a greater 
UV254 value, i.e. SUVA, indicating a greater degree of aromaticity and 
conjugation.  The organic carbon in the RW sample had a wide range of 
MWs (100 - 30 000 Da) and greater aromatic content compared to the three 
treated water samples, as illustrated by the more abundant HPSEC-UV254 
profile.  Analysis by FTIR spectroscopy also indicated a greater proportion of 
ment.  In that co lation step he primary c ange was at the relativ
onten e slightly h er and the omatic con nt slightly 
his is con  with the i  that the h h molecula eight, 
 humic m l is easily re
1999 and res  Chapter  EC treatm t of e R th ample on
lightly change  functiona roup conte of the NOM nteresting
rboxyl carbon  ketone an arbonyl ca on conten reased, 
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aromatic carbon in this sample.  NMR analysis further confirmed the
characteristics, with the RW sample having the lowest proportion of ca
present as aliphatic carbon 
se 
rbon 
and the greatest aromatic carbon content.  
Analysis of this sample by Py-GC-MS interestingly showed a significant 
Hs) and 
n 
 and MIEX®-C samples, but the same as in the EC sample, 
according to the Py-GC-MS analysis.  
ignificantly altered the 
composition of the NOM.  DOC was reduced by 49 %, while 50 % of the 
preferential removal of the aromatic component of the NOM.  Interestingly, 
er 
t 
removing this oxygenated component of NOM. 
 
e 
 of the UV254-active and coloured 
species by this method.  Also, the MW range of the DOC in this treated water 
 
e organic matter after treatment was also significantly altered.  
Structural characterisation studies using Py-GC-MS, FTIR and NMR 
pectroscopy revealed that the organic matter was more aliphatic than the 
organic matter in the RW, consistent with the reduction of the SUVA and 
reduction in the HPSEC-UV254 signal.  Py-GC-MS showed a lower relative 
contribution from both aromatic moieties (BTEX, phenols and PA
carbohydrates, slightly more significant than in the other samples.  The 
relative contribution of aliphatic precursors in this sample was lower than i
the MIEX®
 
Treatment of the RW with the MIEX® resin process s
BDOC fraction was removed, colour was reduced by 51 % and UV254 
lowered by 42 %.  MIEX® treatment was only moderately effective at 
removing intermediate to high MW DOC (>2 000 Da), with removal below 
2 000 Da more effective than EC treatment, but not as efficient as MIEX®-C 
treatment.  The character of the organic matter after treatment showed 
significant alteration, with FTIR and NMR analysis demonstrating some 
Py-GC-MS showed a lesser proportion of carbohydrate markers present aft
this treatment, appearing to indicate that the MIEX® resin was effective a
 
Treatment of the RW by MIEX® followed by coagulation (MIEX®-C) removed
more than 75 % of the DOC, 85 % of the UV254 component and 97 % of th
colour, showing some preferential removal
was significantly reduced.  The majority of removal was above 2000 Da,
although DOC removal across the entire MW range was observed.  The 
character of th
s
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contribution from aromatic moieties, and a higher relative contribution from 
aliphatic species, than in the RW or MIEX® treated NOM isolates
spectroscopy further highlighted the lower aromatic content, but higher 
aliphatic
.  NMR 
 content, of this sample compared to the RW and MIEX® NOM 
isolates.  
ignificant 
254 (80 %) and colour (90 %), also showing some 
preferential removal of the UV254-active and coloured species by this method.  
le to 
er 
t as efficient as either MIEX®-C or MIEX® 
treatment.  Py-GC-MS and NMR analysis indicated that the organic matter in 
ilar 
hatic 
 treatment removed proportionally more aromatic 
h a lower average MW and a greater 
-C 
rence for removal of aromatic 
organic matter, whereas EC did not appear to show this preference.  In 
C, 
ur and UV254 absorbing species, but, for this water source, MIEX® only 
treatment was not as effective as enhanced coagulation treatment, although 
 
h may be effectively removed by other 
processes such as coagulation or membrane filtration.  Combining MIEX® 
y control 
n 
rrent study has shown the combination of 
 
Enhanced coagulation (EC) treatment of the raw water removed a s
portion of DOC (70 %), UV
The MW range of the DOC remaining after EC treatment was comparab
that remaining after MIEX®-C treatment, although EC removal at the low
MW range (< 2 000 Da) was no
the EC sample had similar characteristics to the RW, with the relative 
aromatic, aliphatic, carbohydrate and protein precursor content being sim
to that of the RW NOM by Py-GC-MS and aromatic and alip
contributions being similar to that of the RW NOM by NMR spectroscopy. 
 
Generally, it was found that
material, leaving organic matter wit
proportion of aliphatic material.  In terms of the character of the organic 
matter remaining after the treatment processes, the MIEX® and MIEX®
processes appeared to show a slight prefe
regard to the treatment of water for distribution at a drinking water treatment 
plant, MIEX® only treatment was able to remove a significant portion of DO
colo
the recalcitrant fraction of NOM after MIEX® treatment appeared to be the
intermediate to high MW fraction whic
with coagulation or a membrane filtration technique would effectivel
the turbidity issues that arise after MIEX® treatment due to minor breakdow
and carryover of the resin.  The cu
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MIEX® followed by coagulation to be an effective method for removal of 
DOC.  This combined treatment removed DOC across a broad MW range
leavin
, 
g material that was more aliphatic with lower colour and UV254 
absorbance.  The lower DOC concentrations, especially in the lower MW 
NOM, from MIEX® followed by coagulation treatment should improve 
downstream parameters, including lower chlorine demands, lower DBP 
formation and less biofilm formation in the distribution system.
Chapter 6 248
7. THESIS CONCLUSIONS 
 
High pressure size exclusion chromatography is the method of choice used 
 
 
iled 
samples is required.  
During this research, trihalomethanes, used as an indicator for disinfection 
gulation, 
flocculation, sedimentation and filtration) specifically target the mid to high 
n 
in this Thesis.   
removal of the intermediate to high MW species in NOM by coagulation and 
us 
n 
previously developed systems, with the use of a small detector cell enabling 
ic 
hed in aromatic 
species, as indicated by a reduction of the SUVA values obtained after 
nt 
e removal of the intermediate MW material.  
The lowest MW fractions of NOM were not significantly removed by either of 
these treatment options; however, MIEX® treatment was more effective than 
by water researchers for determination of the MW distribution of NOM.  The
various treatment processes utilised for removal of NOM have been reported
to be more effective in removing certain MW fractions and, hence, a deta
knowledge of the MW distribution of NOM in water 
by-product formation, were shown to form from all MW fractions of NOM 
collected by preparative HPSEC.  This is particularly important from a 
treatment perspective as traditional treatment technologies (i.e. coa
MW fractions.  Consequently, THM formation from smaller MW material is a
issue that will routinely affect water quality, particularly at the Wanneroo 
GWTP, the study site used 
 
A study of the treatment streams at the Wanneroo GWTP using HPSEC with 
OCD, UV254 and fluorescence detection demonstrated the preferential 
flocculation even at an elevated coagulant dose.  The combination of vario
detection systems during this study highlighted the importance of a 
multidetection approach.  As such, a system was constructed that built o
detection limits capable of measuring even the most dilute natural and 
treated water samples.  The multidetection system indicated that organ
matter removed during treatment contained material enric
treatment, and the remaining NOM was likely comprised of a greater 
proportion of low MW aliphatic compounds.  Comparatively, combining 
coagulation (at a reduced dose) and flocculation with MIEX® resin treatme
removed the entire high MW fraction of NOM (similar to coagulation only 
treatment), while improving th
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coagulation treatment.  The HPSEC chromatogram of MIEX® treated water 
showed the largest MW fraction was removed to a lesser extent after 
treatment, while similar levels of the intermediate and low MW species were 
removed, compared to coagulation and combined MIEX® and coagulation 
 is 
een shown to possibly 
be comprised of inorganic colloidal species unable to participate in ion 
hile 
reducing chemical usage and still effectively removing the intermediate and 
 after various treatment 
of the samples confirming HPSEC observations that the material recalcitrant 
 
ted that the 
proportion of aromatic carbon was reduced after treatment and that MIEX®-C 
 consistent with these trends, and 
additionally suggested that MIEX® treatment was more effective in the 
parative HPSEC indicated 
that THMs formed from all MW fractions.  The largest MW fraction, eluting at 
most 
treated samples.  Ineffective removal of the largest MW fraction of NOM is 
not entirely unexpected when the anion exchange mechanism of the resin
considered, as the high MW fraction had previously b
exchange reactions.  This finding demonstrates, however, the potential 
attraction of combining MIEX® treatment with a treatment process, such as 
membrane filtration, which can effectively remove high MW NOM, w
low MW species. 
 
Structural characterisation studies of NOM remaining
stages were conducted.  NMR data revealed relatively similar percentages of 
aliphatic, O-aliphatic, aromatic, carboxyl and carbonyl carbon remained in 
each sample.  The aliphatic carbon was the most abundant species in each 
to treatment was more aliphatic than that removed during treatment.  Also,
oxygenated species accounted for a greater proportion of the remaining 
NOM than in the Raw Water.  FTIR analyses also sugges
and EC treatment were more effective than MIEX® only treatment at 
removing this carbon type.  The remaining NOM, according to FTIR data, 
appeared to contain a greater proportion of carbonyl functionality.  The 
results from Py-GC-MS were largely
removal of carbohydrate derived carbon. 
 
Chlorination studies of fractions isolated by pre
the void volume of the column, had the lowest THMFP, possibly due to the 
presence of inorganic colloids.  Fractions 3 and 4, containing the 
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aromatic material, produced the highest specific yields of THMs.  It was 
identified that the aromatic nature of these fractions likely meant that T
were formed from meta-dihydroxybenzene moieties, known to pro
HMs 
duce 
THMs rapidly and in high concentration upon reaction with chlorine or 
st to 
ould not significantly 
contribute to THM formation in distribution systems after coagulation 
ificantly, however, the rate of formation from 
Fractions 7 – 9 was similar to that from the large MW material in Fractions 3 
s, or moieties potentially oxidisable to 
 was also identified as a contributing 
e fast kinetics of THMFP as a less complicated reaction pathway 
n 
as the increased bromine incorporation into 
THMs for the lower MW fractions, as brominated DBPs have been identified 
In summary, HPSEC provides an effective tool for determining the MW 
ferential 
e 
ombining the two 
treatment options provided removal of NOM across a wide MW range and 
n 
 the lowest MW fractions of NOM will 
result in THM formation will be a significant issue for chlorinated water, with a 
ore problematic contribution of brominated THMs in the treated water.  
Development of improved treatment methods, such as membrane filtration 
bromine.  However, it was established that this material was the easie
remove during coagulation treatment and therefore w
treatment.  The lowest MW fractions, Fractions 7 – 9, also produced 
significant concentrations of THMs, although lower specific yields than 
Fractions 3 and 4.  Sign
and 4.  Structural characterisation studies suggested that the material in 
Fractions 7 – 9 was more likely to contain low MW aliphatic hydrophilic 
compounds and possibly methyl ketone
methyl ketones, a functional group known to result in THM formation, were 
compounds identified as possible THM precursors in these fractions.  The 
lower MW of material in these fractions
factor to th
would be needed for THM release upon contact with chlorine or bromine.  A
important issue from this study w
as potentially more harmful than chlorinated analogues.   
 
distribution of aquatic NOM both before and after treatment.  Pre
removal of the large MW material was demonstrated after coagulation, whil
MIEX® treatment targeted the intermediate MW fraction.  C
the combined method was more effective than the enhanced coagulatio
process.  However, the inability of MIEX®, coagulation or a combination of 
the two methods to effectively remove
m
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and biological treatment, for removal of these low MW fractions of NOM is
vital for control of THM formation. 
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Appendix 1  Calibration curve and raw data of polystyrene sulphonate (P
standards used for calibration of the Tosoh TSK G3000SW
SS) 
xtran are used in the 
calculation of Kd’. 
 
 
Compound MW (Da) Ve Kd’ Log (MW) 
xl (7.8 x 300 mm, particle 
size = 5 µm, pore size = 250 Ǻ) HPSEC column.  * acetone and de
 
 
 
 
 
 
 
 
 
 
 
 
 
Acetone 58.1 13.3 * - 
Dextran 200 000 5.5 * - 
PSS 840 12.0 0.83 2.9 
PSS 4 400 9.4 0.50 3.6 
PSS 6 530 8.5 0.38 3.8 
PSS 15 200 7.1 0.20 4.2 
PSS 35 300 6.2 0.08 4.5 
PSS 81 800 5.6 0.01 4.9 
 
y = -2.2901x + 4.772
2
0.5 0.7 0.9
Distribution Coefficient (Kd')
lo
R2 = 0.9766
3
4
g 
(M
W
)
0
1
-0.1 0.1 0.3
5
6
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Appendix 2  HPSEC-UV254 chromatograms of PSS with MW = 6 530 Da using the
eluents tested.  a) MQ water, b) 10 mmol L
 six 
 
l L  Na2SO4. 
-1 sodium acetate, c) 10 mmol L-1 phosphate
buffer, d) 20 mmol L-1 phosphate buffer, e) 10 mmol L-1 phosphate buffer + 26 mmol L-1 
Na2SO4, f) 20 mmol L-1 phosphate buffer + 20 mmo -1
 
4 6 8 10
0
2
12 14
4
6
8
10
f)
Time (min)
25
4
 R
es
po
6
U
V
8
10
 D
et
ec
to
r
ns
e
0
2
4
e)
2
4
0
6
8
10
d)
2
0
4
6
8
10
c)
0
2
4
6
8
10
b)
0
2
4
6
8
10
a)
 
Appendices 254
Appendix 3  THM concentrations of Fractions 1-9 for each sampling time.  Fracti
(2mg L
ons 
m of four THM analogues). 
CHCl BrCl CH Br ClCH CHBr TTHMs CHCl BrCl CH Br ClCH CHBr3 TTHMs 
-1) were treated with bromine (0.2 mg L-1) and chlorine (8 mg L-1 apart from 
fraction 3, 18 mg L-1).  Concentrations shown in both µg/L as well as µmol/L for each 
individual THM species, as well as TTHM (su
 
3 2 2 3 3 2 2Fraction 
; time µg L-1 µmol L-1
1; 0.5hr 0.11 2.2 5.9 7.1 4.5 20 0.02 0.04 0.03 0.02 
1; 1hr 0.02 0.13 2.4 6.8 9.2 6.0 24 0.02 0.04 0.04 
1; 4hr 0.05 0.24 3.9 11.7 18.9 12.5 47 0.03 0.07 0.09 
1; 24hr 0.37 6.2 18.1 28.7 18.0 71 0.05 0.11 0.14 0.07 
1, 72hr 27.9 43.6 25.5 106 0.08 0.17 0.21 0.10 0.56 9.4 
1; 168hr 54.4 28.0 136 0.13 0.23 0.26 0.11 0.73 15.5 38.2 
2; 0.5hr 2.0 4.8 7.5 4.0 18 0.02 0.03 0.04 0.02 0.10 
2; 1hr  0.16 2.7 7.6 13.4 7.6 31 0.02 0.05 0.06 0.03
2; 4hr .07 0.11 0.05 0.26 3.6 12.2 22.4 11.5 50 0.03 0
2; 24hr 0.19 0.05 0.56 15.2 30.7 39.4 13.7 99 0.13 0.19 
2; 72hr 16.7 43.6 57.6 21.6 140 0.14 0.27 0.28 0.09 0.77 
2; 168hr  0.87 21.5 49.1 62.8 21.6 155 0.18 0.30 0.30 0.09
3; 0.5hr 0 0.54 46.9 18.6 6.4 0.3 72 0.39 0.11 0.03 0.0
3; 1hr 0.66 54.9 26.2 7.7 0.4 89 0.46 0.16 0.04 0.00 
3; 4hr 0.4 138 0.74 0.24 0.05 0.00 1.03 88.1 39.0 10.6 
3; 24hr 160.2 62.7 14.8 0.6 238 1.34 0.38 0.07 0.00 1.80 
3; 72hr 0.00 2.05 179.0 73.8 19.9 1.1 274 1.50 0.45 0.10 
3; 168hr 0.00 2.06 182.6 73.5 16.8 0.6 274 1.53 0.45 0.08 
4; 0.5hr 0.30 24.0 12.1 5.1 0.7 42 0.20 0.07 0.02 0.00 
4; 1hr 28.5 16.7 7.0 0.8 53 0.24 0.10 0.03 0.00 0.38 
4; 4hr  0.54 39.5 25.4 10.2 1.0 76 0.33 0.16 0.05 0.00
4; 24hr 1.07 86.4 43.6 15.0 1.2 146 0.72 0.27 0.07 0.00 
4; 72hr 0.01 1.66 116.4 81.0 36.2 3.0 237 0.98 0.49 0.17 
4; 168hr 1.34 0.42 0.10 0.01 1.86 159.9 68.3 20.2 1.4 250 
5; 0.5hrs 7.8 9.0 7.9 2.6 27 0.07 0.05 0.04 0.01 0.17 
5; 1hr 9.2 12.5 11.7 3.8 37 0.08 0.08 0.06 0.02 0.22 
5; 4hr 0.04 0.46 15.7 25.9 28.1 9.6 79 0.13 0.16 0.13 
5; 24hr 6 0.69 23.4 39.2 41.8 14.1 118 0.20 0.24 0.20 0.0
5; 72hr 67.1 52.7 13.1 198 0.54 0.41 0.25 0.05 1.26 64.9 
5; 168hr 66.2 56.1 15.0 198 0.51 0.40 0.27 0.06 1.24 61.1 
6; 0.5hrs 8.3 8.8 7.2 2.2 26 0.07 0.05 0.03 0.01 0.17 
6; 1hr 02 0.24 9.3 13.2 13.3 4.8 41 0.08 0.08 0.06 0.
6; 4hr 0.04 0.47 16.1 26.8 28.3 9.0 80 0.13 0.16 0.14 
6; 24hr 0.04 0.73 27.9 42.5 40.1 10.9 122 0.23 0.26 0.19 
6; 72hr 0.38 0.24 0.04 1.09 50.7 62.4 49.4 11.2 174 0.42 
6; 168hr 50.7 65.3 54.4 13.3 184 0.42 0.40 0.26 0.05 1.14 
7; 0.5hrs 0.28 10.3 23.9 8.9 2.2 45 0.09 0.15 0.04 0.01 
7; 1hr 0.28 10.6 19.9 12.4 3.2 46 0.09 0.12 0.06 0.01 
7; 14hr .11 0.02 0.54 19.6 40.3 23.8 5.1 89 0.16 0.25 0
7; 24hr 0.16 0.02 0.77 34.3 49.3 33.0 6.1 123 0.29 0.30 
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7; 72hr 1.18 61.5 70.0 43.4 7.5 182 0.52 0.43 0.21 0.03 
7; 168hr  0.03 1.34 66.7 83.3 50.5 8.4 209 0.56 0.51 0.24
8; 0.5hrs 0.01 0.29 8.8 27.5 9.4 2.1 48 0.07 0.17 0.05 
8; 1hr 0.01 0.37 10.7 34.6 12.7 2.8 61 0.09 0.21 0.06 
8; 4hr 83 0.11 0.24 0.12 0.02 0.49 13.7 39.0 24.3 5.9 
8; 24hr 22.8 59.5 37.8 9.1 129 0.19 0.36 0.18 0.04 0.77 
8; 72hr 38.1 72.7 44.5 8.2 164 0.32 0.44 0.21 0.03 1.01 
8; 168hr 0.03 1.25 60.8 79.4 47.4 7.9 196 0.51 0.48 0.23 
9; 0.5hrs 0.43 8.9 49.1 9.6 2.9 70 0.07 0.30 0.05 0.01 
9; 1hr 0.02 0.60 10.2 71.0 12.3 4.7 98 0.09 0.43 0.06 
9; 4hr 0.04 0.74 14.3 77.4 22.8 9.4 124 0.12 0.47 0.11 
9; 24hr 13.7 152 0.17 0.50 0.17 0.05 0.90 20.8 81.2 35.7 
9; 72hr 38.3 99.9 47.9 14.8 200 0.32 0.61 0.23 0.06 1.22 
9; 168hr 1.38 41.9 113.6 54.2 18.0 228 0.35 0.69 0.26 0.07 
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Appendix 4  THM data from Fractions 1-9 (DOC concentration 2 mg L-1) for each 
sampling time.  Percentage of TTHMs formed in first 30 minutes after chlorine addition
(8 mg L
 
TTHMs formed, percentage of bromine incorporated in TTHMs formed, percentage of 
chlorine incorporated in TTHMs formed in first 30 minutes after chlorine addition and 
chlorine 
Fraction 
;time 
formed 
in first 30 Incorporation Incorporation 
Cl 
incorporated in 
TTHMs 
%Br 
incorporated in 
TTHMs 
s 
-1 apart from Fraction 3 18 mg L-1), percentage of chlorine incorporated into 
percentage of bromine incorporated in TTHMs formed in first 30 minutes after 
addition (bromine was added at 0.2 mg L-1). 
 
% TTHMs %Cl %Br %
mins TTHMs TTHMs in first 30 mins in first 30 min
1;0.5hr 0.1 6.3 
1;1h r 0.2 8.1 
1; 4hr 0.3 16.0 
1; 24hr 0.5 24.0 
1; 72hr 0.7 
14 14 14 
35.7 
1; 168hr 1.0 43.5 
2; 0.5hr 0.1 5.9 
2; 1hr 0.2 10.6 
2; 4hr 0.3 17.1 
2; 24hr 0.9 29.1 
2; 72hr 1.1 43.0 
2
11 10 13 
; 168hr 1.3 46.4 
3; 0.5hr 0.6 7.2 
3; 1hr 0.7 9.5 
3; 4hr 1.1 13.8 
3; 24hr 1.9 21.3 
3; 72hr 2.2 26.2 
3; 168hr 
26 
2.2 24.7 
26 29 
4; 0.5hr 0.7 5.2 
4; 1hr 0.9 7.1 
4; 4hr 1.2 10.6 
4; 24hr 2.5 17.0 
4; 72hr 3.7 35.1 
4 25.1 ; 168hr 
16 
4.5 
16 21 
5 6.4 ; 0.5hrs 0.3 
5; 1hr 0.4 9.3 
5; 4hr 0.8 21.7 
5; 24hr 1.2 32.3 
5; 72hr 2.5 42.9 
5; 168hr 2.4 44.8 
14 14 13 
6; 0.5hrs 0.3 6.0 
6; 1hr 0.4 10.6 
6; 4hr 0.8 21.7 
6; 24hr 1.3 31.0 
6; 72hr 2.1 39.5 
6; 168hr 
15 
2.1 43.2 
15 14 
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7; 0.5hrs 0.5 10.3 
7; 1hr 0.5 11.2 
7; 14hr 1.0 21.4 
7; 24hr 1.5 27.6 
7; 72hr 2.4 37.3 
7
20 23 21 
; 168hr 2.7 43.7 
8; 0.5hrs 0.5 11.3 
8; 1hr 0.7 14.7 
8; 4hr 0.9 21.7 
8; 24hr 1.3 33.3 
8; 72hr 1.9 38.8 
8 41.3 ; 168hr 
24 
2.5 
22 27 
9; 0.5hrs 0.8 17.0 
9; 1hr 1.1 24.3 
9; 4hr 1.3 32.1 
9; 24hr 1.5 40.1 
9; 72hr 2.2 49.8 
9; 168hr 2.5 57.1 
31 32 30 
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Appendix 5  Peak areas of products obtained from flash pyrolysis-GC-MS analysis of 
solid aquatic NOM samples from the WGWTP. 
 
Pyrol Category in ysis products Table 6.3 Peak areas 
  Sample Name 
 EC  Raw MIEX® MIEX®-C 
acetic acid carbohydrates 435 746 9 857 407 773 924 6 142 321 
acet 2 767 925 onitrile proteins 0 0 4 222 166 
aniline protein 0 s 0 0 228409 
benz 79 664 918 ene BTEX 1 692 971 1 708 688 1 328 6
benzofuran carbohydrates 402 945 587 049 0 0 
benz 781 747 ofuranone carbohydrates 493 889 0 0 
brom 2 785 537 omethane halomethane 0 3 032 627 0 
buta 0 0 diene hydrocarbon 0 647 284 
buta carbohydrates 2 705 173 2 142 097 1 648 402 0 none 
butene hydrocarbon 4215374 5 252 885 1 346 591 743 834 
butenenitrile proteins 0 0 2 007 421 0 
bute 640 634 noic acid carbohydrates 0 0 0 
bute  3 318 739 none carbohydrates 414 943 0 424525
carb 3 729 0 0 on disulfide organosulfur 0 43
chlo 0 569 499 0 roethane halomethane 0 
chloromethane halomethane 0 1 566 769 1 534 500 1 217 462 
cyan 0 obenzene proteins 0 0 362054 
cyan 0 opropane proteins 0 0 256844 
cyclo 0 butane alkane/alkene 0 582 804 0 
cyclo 73 616 376 488 758 702 807 pentadiene carbohydrates 490 4
cyclopropylpentane hydrocarbon 0 1 638 040 0 0 
dece 0 ne hydrocarbon 0 1 599 158 0 
dihy
dime 0 
droxy-
thylbenzaldehyde carbohydrates 295 555 0 0 
dimethyl mal 0 641 136 eic anhydride carbohydrates 0 0 
dime  237 307 771 132 thylbenzofuran carbohydrates 448 673 632 920
dimethylcyclopentadiene hydrocarbon 0 0 230771 589748 
dime 2 277 983 thylcyclopentenone carbohydrates 700 030 1 053 466 532 149 
dimethylcycl 8 1 079 173 opropane hydrocarbon 0 653 099 452 61
dime 1 081 770 924 thylfuran carbohydrates 688 967 604 444 30
dimethylindazole proteins 222714 0 0 0 
dime 608 958 thylindene carbohydrates 0 0 0 
dimethylnapt 2 502 219 halene PAH 0 749 706 292 578 
dime 7 017 685 thylphenol phenols 1 751 993 5 770 789 2 180 234 
dime 0 thylpyrroledione proteins 0 0 1572909 
dimethylthiophene organosulfur 222 566 0 0 0 
ethy  BTEX 580 369 750 137 550 394 961 714 lbenzene
ethylphenol BTEX 0 996013 0 0 
furan carbohydrates 276 957 0 398 913 0  
furfural carbohydrates 0 0 796 679 0 
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hept 0 adecene alkane/alkene 0 701 618 0 
hept 0 anol carbohydrates 0 442 961 0 
hepten 0 e hydrocarbon 0 751 390 0 
hexa  0 decene hydrocarbon 0 561 758 
hexe  934 363 302 0 ne hydrocarbon 0 1 305
Indanone proteins 686 863 0 0 0 
indene proteins 703 612 0 0 0 
iodo 0 1 477 393 methane halomethane 1 124 116 2 298 567 
Isob  840 737 enzofurandione carbohydrates 0 0 262 266
isobutene hydro 0 carbon 501 974 0 0 
isocy 3 347 347 anic acid proteins 0 2 873 069 2 807 905 
isop BTEX 300 975 426 825 607 751 472 321 ropylbenzene 
methanthiol organosulfur 671 233 872 814 0 893 515 
methyl(methy 509 392 lethyl)benzene BTEX 0 0 0 
meth 1 764 112 ylbenzofuran carbohydrates 752 714 811 583 259 170 
meth  601 0 ylbenzonitrile proteins 0 505 073 411
methylbutanone carbohydrates 0 439 652 0 1 342 416 
methylbutene 0  alkane/alkene 404 008 0 0 
meth 0 ylcyclohexadiene carbohydrates 257 225 0 0 
meth 602 827 119 ylcyclopentadiene hydrocarbon 856 076 659 864 1 002 
meth anedione carbohydrates 0 899 023 0 1 115 957 ylcyclopent
methylcyclo ne carbohydrates 2 605 714 1 743 811 417 174 3 862 011 penteno
methylfuran carbohydrates 422 6121 1 132 308 2 316 730 4 589 296 
meth 0 1 342 628 ylfurandione carbohydrates 751 177 888 939 
meth 953 699 ylfuranone carbohydrates 234 592 0 0 
methylfurfural 0  carbohydrates 0 0 250 301 
meth 0 ylheptadecene hydrocarbon 0 434 478 0 
meth carbohydrates 0 0 0 545273 ylindanone 
methylindene carbohydrates 0 798 399 0 1 777 960 
methylIsobenzofurandione carbohydrates 470 571 0 0 748 786 
meth 1051906 ylmethoxynaphthalene PAH 0 0 0 
meth 718 691 738 367 ylnaphthalene PAH 1 255 648 852 460 
meth 7 0 0 ylnonadecene hydrocarbon 0 462 02
meth 7 0 0 yloctadecene hydrocarbon 0 622 47
methylphenol phenols 4 895 275 7 975 281 2 372 022 6 989 309 
meth 0 ylpentene hydrocarbon 0 0 4 779 367 
meth 0 ylpiperidonedione proteins 0 0 1 532 477 
meth 4 ylpropene hydrocarbon 0 0 0 5 027 63
methylpyrazole proteins 0 963 211 0 0 
meth 755 302 0 ylpyridine proteins 203 951 419 953 
methylpyrrol 504 956 e proteins 0 0 392 321 
meth 642 494 ylpyrrolidinedione proteins 0 0 291 817 
meth  ylthiophene organosulfur 976 570 1 271 064  
m-xy BTEX 643 086 1 022 440 593 844 12 21 851 lene 
naphth phenols 0 0 0 502 880 alenol 
naphthol phenols 322 669 490 022 0 0 
naphthalene PAH 851 390 823 816 450 004 0 
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nitro 0 0 ethane proteins 0 2 632 646 
nona 0 decene hydrocarbon 0 634 788 0 
none 0 ne hydrocarbon 0 527 547 0 
octa 0 decene alkane/alkene 0 625 612 0 
o-xy BTEX 986 444 1 561 957 706561 1 541 576 lene 
pentadiene hydrocarbon 401 276 709 908 596 445 796 071 
pentanone carbohydrates 241 013 0 0 0 
phen 897 327 2 437 306 ol phenols 3 515 838 4 804 370 
pipe 627 825 ridinedione proteins 0 0 3 629 358 
prop 410 1230 anone carbohydrates 5 075 950 4 086 109 173 4497 
prop  enenitrile proteins 0 0 1 222 364 
prop id carbohydrates 488 455 422 555 401 385 476 547 anoic ac
p-xylene BTEX 1 493 875 2 294 551 1 186 593 2 276 743 
pyridine 0 proteins 309 442 426 747 693 773 
pyrro 0 le proteins 0 472 681 424 159 
pyrro  300 0 lidinedione proteins 0 0 566
styre  464 0 ne carbohydrates 0 0 686
tetrade 0 0 cane hydrocarbon 0 906 101 
thiophene Organosulfur 574 138 0 0 0 
tolue 92 502 3 215 319 ne BTEX 3 612 582 4 652 951 2 9
trime 8 4 585 481 thylbenzene BTEX 1 567 793 3 177 859 1 652 61
trimethylfuran 0  carbohydrates 180 814 419 515 0 
trime 2 928 635 thylnaphthalene PAH 0 0 0 
trime phenols 0 0 351 340 2 199 109 thylphenol 
urea proteins 548 778 0 0 0 
 
o
 combined and listed as methylphenol 
Note: 
o 0 = not detected 
 BTEX = benzene, toluene and xylenes 
o PAH = polyaromatic hydrocarbons 
o Individual isomers were combined to give one value, e.g. all 
methylphenol isomers were
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Appendix 6  Total of all peak areas in each category as used to construct pie chart in 
Figure 7.5 
 
 RW MIEX® MIEX®-C EC 
Total of all peaks 66623 666 120 240 053 8 1974 362 124 197 224 
BTEX 10 659 787 16 833 607 9 836 923 14 903 667 
carbohydrates 23 984 520 27 655 212 11 476 411 42 227 056 
proteins 2 664 947 8 416 804 19 673 847 7 451 833 
phenols 10 659 787 19 238 408 5 738 205 19 871 556 
PAH 1 332 473 2 404 801 1 639 487 6 209 861 
organosulfur 2 664 947 2 404 801 0 1 241 972 
hydrocarbons 5 329 893 19 238 408 20 493 591 9 935 778 
halomethanes 1 332 473 7 214 403 2 459 231 4 967 889 
unidentified 7 994 840 16 833 607 10 656 667 17 387 611 
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